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ABSTRACT
MATRIX FREE FIBER REINFORCED POLYMERIC COMPOSITES
VIA HIGH-TEMPERATURE HIGH-PRESSURE SINTERING
MAY 2004
TAO XU, B.S., FUDAN UNIVERSITY
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor Richard J. Farris
A novel manufacturing process called high-temperature high-pressure sintering
was studied and explored. Solid fiber reinforced composites are produced by
consolidating and compacting layers of polymeric fabrics near their melting temperature
under high pressure. There is no need to use an additional matrix as a bonding material.
Partial melting and recrystallization of the fibers effectively fuse the material together.
The product is called a "matrix free" fiber reinforced composite and essentially a one-
polymer composite in which the fiber and the matrix have the same chemical
composition. Since the matrix is eliminated in the process, it is possible to achieve a high
fiber volume fraction and light weight composite. Interfacial adhesion between fibers
and matrix is very good due to the molecular continuity throughout the system and the
material is thermally shapeable. Plain woven Spectra® cloth made of Spectra® fiber
1
was
used to comprehensively study the process. The intrinsic properties of the material
demonstrate that matrix free Spectra® fiber reinforced composites have the potential to
make ballistic shields such as body armor and helmets.
vi
The properties and structure of the original fiber and the cloth were carefully
examined. Optimization of the processing conditions started with the probing of
sintering temperatures by Differential Scanning Calorimetry. Coupled with the
information from structural, morphological and mechanical investigations on the samples
sintered at different processing conditions, the optimal processing windows were
determined to ensure that the outstanding original properties of the fibers translate into
high ballistic performance of the composites. Matrix free Spectra® composites exhibit
excellent ballistic resistance in the V50 tests conducted by the US Army. In the research,
process-structure-property relationship is established and correlations between various
properties and structures are understood. Thorough knowledge is obtained for this
creative process regarding the procedures, outcomes, advantages and capabilities. Two
other ultra high molecular weight polyethylene fiber containing materials, Dyneema
Fraglight® nonwoven felt
2
"
3
and Spectra Shield® Plus PCR4 prepreg, were also carefully
studied using the process of high-temperature high-pressure sintering. Their structures,
morphologies and thermo-mechanical properties were compared with consolidated
Spectra® cloth. The results clearly demonstrate that Spectra® cloth is the best candidate
for making ballistic protective shields.
vii
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CHAPTER 1
BACKGROUND AND INTRODUCTION
1 . 1 Fiber Reinforced Composites
Webster's dictionary shows that the word "composite" came from the Latin term
cornpositus. Originally the word was used as an adjective that meant "made up of distinct
parts", but later, it was used as a noun. A composite is a solid material which is
composed of two or more substances having different physical characteristics and in
which each substance retains its identity while contributing desirable properties to the
whole.
Traditionally, a composite material is a combination of two or more chemically
different materials with a distinct interface between them. 5 Composites consist of two
phases; one is continuous and is called a matrix, and the other is discontinuous and is in
form of fibers or particulates. The discontinuous phase is well dispersed in the matrix
and acts as a reinforcement or modifier, to improve and alter the matrix properties.
Matrix materials used in composites are typically ceramics, metals, or polymers.
Fibers are the common reinforcements due to their effectiveness, although particulates of
various geometries are also used. Polymer matrix composites, with fiber reinforcement,
are the most commonly used high performance composites and are widely used in many
applications because of their unique properties and characteristics. Fiber reinforced
polymeric composites consist of high strength and modulus fibers embedded in or bonded
to a polymer matrix with distinct interfaces between them.
6
Fiber reinforced polymeric
composites have many distinctive advantages over traditional materials; the most
significant one being their light weight. Low density leads to high specific strength and
1
specific stiffness. Polymer matrices and reinforcing fibers have densities between 0.9 -
1 .5g/cm and 1
.0 - 2.7g/cm\ respectively, and the resulting composites have densities
between 0.9 - 2g/cm 3
.
Compared to steel and aluminum alloys with a density of 7.9
g/cm3 and 2.7 g/cm3
,
respectively, polymer composites offer a large advantage in weight-
sensitive applications such as those in aerospace and military.
Another benefit of polymer composites is their design flexibility and freedom. By
varying the fiber type, the fiber direction and volume fraction, and adopting different
manufacturing processes, the composites 1 properties and characteristics can be easily
controlled and adjusted. Anisotropic materials with direction dependent properties, rather
than isotropic materials, may be produced. Materials with hybrid properties can be
prepared by using two or more different types of fibers. Since some fibers have negative
coefficients of thermal expansion, materials with zero coefficients of thermal expansion
can be made by combining these reinforcements with appropriate matrices.
Fiber reinforced polymers have many advantages over conventional composite
materials, which make them very attractive for various applications. Polymeric
composites do not exhibit catastrophic failure mechanically, as opposed to ceramics or
metals, instead they damage and fail progressively. They have good corrosion and
electrical resistance and have high damping factors against noise and vibrations. Also,
polymeric composites have low coefficients of thermal expansion and thus have good
dimensional stability.
2
Matrices used in fiber reinforced polymeric composites are either thermosets or
thermoplastics. They play several important roles in the composites: 5
• Hold the fibers in place
• Transfer stress between fibers
• Protect fibers from adverse environment or mechanical abrasion
The matrix contributes little in tensile load-carrying capacity, although it affects the
interlaminar shear and in-plane shear properties of the composites. The matrix provides
support for the fibers under compression, thus influencing the compressive properties of
the composites. In unidirectional fiber composites, transverse tensile modulus and
strength are largely determined by the properties of the matrix.
Traditionally the matrices of fiber reinforced polymers are thermosets, such as
epoxies, vinyl esters and phenolics, as they are usually low viscosity prepolymers and
their wettability to fibers is generally good. In addition, thermosets have high Tg, good
thermal stability and chemical resistance, and exhibit low creep and stress relaxation
behavior. However, thermosets have long fabrication time due to the slow crosslinking
and solidifying processes. Also, thermoset matrices can be brittle and fail at low strain
and as a result, resistance to microcracks and impact can be poor.
The most important benefit of thermoplastic matrices is their high fracture
resistance and impact strength, due to their high strain to failure; these are desirable
properties in certain applications like ballistic shields. Thermoplastics have short
fabrication times, are thermoformable and can be easily repaired by welding or solvent
bonding. Since thermoplastic matrices are not crosslinked polymers, they are easily
3
recycled and reused. However, their wettability to fibers is relatively poor because of
their high viscosities and there is no direct chemical bonding between matrix and fiber.
Fibers are the major component that occupies the largest volume fraction in fiber
reinforced polymer composites. They are the principal load-bearing constituents that
dominate the characteristics and properties of the composites. It is important to select the
proper fibers in order to meet the requirements for the final product. The following
factors are usually considered when designing a composite with fiber reinforcement:
• Density
• Tensile modulus and strength
• Compressive strength
• Fatigue strength and mechanism
• Resistance to fracture and impact
• Chemical resistance
• Electrical and thermal conductivity
• Adhesion to the selected matrix
• Chemical compatibility with the selected matrix
There are a large variety of commercially available fibers with different properties
that can be used as reinforcements: glass fibers, carbon/graphite fibers, aramid fibers,
polyethylene fibers, boron fibers, silicon carbide (SiC), aluminum oxide (AI2O3) and
metal fibers. Glass fibers are the most common reinforcement due to their low cost, high
tensile strength, high chemical resistance and excellent insulating properties. The
disadvantages of glass fibers are their low tensile modulus, high density, low resistance to
abrasion and fatigue, and high hardness.
6
They are mostly used in automotives, durable
4
goods and consumer goods. Carbon fibers have the advantage of high specific tensile
modulus and strength, high fatigue performance and low coefficient of thermal
expansion. The disadvantages include low impact resistance and high electrical
conductivity. Their main application is limited in the field of aerospace because of their
high cost. Aramid fibers, such as Kevlar® family 7
, have higher specific tensile strength
and strain to failure than carbon fibers, which offers them good damage tolerance against
impact. Kevlar® fibers have good chemical and thermal stability, and poor compressive
properties. They are widely used in aerospace, marine and military applications.
The fibers used in composites can adopt many forms; they can be used as
continuous filaments or yarns, as well as discontinuous chopped fibers. Two- and three-
dimensional fabrics can be made from continuous fibers using textile processes such as
weaving, knitting, braiding and needle-punching. Fabrics are easy to handle and provide
good control over the fiber orientation and placement. The alignment of fibers in
composites can be unidirectional, bidirectional, multidirectional or random.
Unidirectional fiber composites use fibers most effectively if the loading direction
coincides with fiber direction; the strength and modulus is poor in other directions,
especially in the transversal direction. Two dimensional fabrics create somewhat equal
properties in the longitudinal and transversal directions. The multi-dimensional
arrangement gives them quasi-isotropic materials in the fiber plane. Isotropic properties
can only be achieved by incorporating randomly oriented fibers in the composites and
overall mechanical properties are lower.
Fiber volume fraction V/is an important parameter that dictates the composites'
properties. Fiber volume fraction should be as high as possible to maximize the strength
5
of the composites. Theoretically, the highest achievable fiber volume fraction is 90.7% if
the fibers are uniform in diameters and hexagonally close-packed. The actual volume
fraction can be calculated from the fiber weight fraction according to Equation 1.1.
Wf/P/+Wm /Pul
where wf = fiber weight fraction pf= fiber density
wm = matrix weight fraction pm = matrix density
Another important aspect of fiber reinforced composites is the interfacial adhesion
between fibers and matrices; good bonding strength is needed for fibers to achieve good
reinforcement. The influence of interfacial adhesion on composites properties is
profound; compression strength, flexural strength, transverse tensile strength, in-plane
shear strength, interlaminar shear strength, mode I fracture toughness and impact damage
resistance increase with the level of adhesion. Tensile strength is either independent of or
decreases with increasing bonding strength and elastic constants, such as Young's
modulus, are unaffected by adhesion. Interestingly, ballistic resistance decreases with
increase in bonding strength. Relatively poor adhesion makes interfiber and interlaminar
debonding easier, thus ballistic energy is efficiently dissipated laterally, and resistance to
penetration is enhanced. 5
1 .2 Ultra High Molecular Weight Polyethylene (UHMWPE) Fibers
Historically, polyethylene (PE) is known as a low strength, low stiffness material.
Conventional methods to make polyethylene fibers, such as melt-spinning, yield only
6
"folded chain" molecular structure. Theory predicts that if PE chains could be fully
extended and "frozen" in a highly dense packing state, the resulting fibers would be
extraordinarily strong because of the intrinsic high strength of the carbon-carbon covalent
bond. The schematic illustration of the morphology of extended chain PE fibers and
conventional melt-spun PE fibers is compared in Figure 1.1. 8
n
• Very high molecular weight
• Very high degree of orientation
• Minimum chain folding
Figure 1.1 Morphology of PE fibers: (i) extended chain PE fiber, (ii) conventional melt-
spun PE fiber
The high strength and modulus of the extended chain PE fibers are attributed to
their high molecular weight, degree of orientation, and crystallinity. After years of
research in several leading universities and prompt recognition by industry, extended
chain polyethylene fibers were commercialized in 1985 as ultra high strength, high
modulus, and high performance fibers.
Polyethylene fibers can be obtained by three methods: solid-state extrusion,
special drawing technique, and solution/gel spinning. Solid-state extrusion was
developed by Porter et al. at University of Massachusetts. It involves extrusion of PE
polymer through a conical die at a temperature below its melting point. Due to flow-
• Relatively low molecular weight
Moderate orientation
Crystalline regions chain folded
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induced orientation and pressure effects, the extruded material has a high modulus and
strength.
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The special drawing technique utilizes a melting spinning method combined with
a unique drawing process at a temperature close to the polymer melting point to yield a
high modulus fiber. This technique was developed by Ward at University of Leeds and is
currently licensed to Celanese in the United States and Snia BVP in Europe. 10
The principles for solution/gel spinning of ultra high molecular weight
polyethylene were developed by Pennings and his students Smith, Lemstra and Kalb at
University of Groeningen 1
1
and the practical processes were refined by many other
researchers such as Kavesh and Prevorsek. In solution spinning, typically 2-5 wt%
solution ofUHMWPE (MW 1-5 million) in decalin is extruded at 130-150°C into a cold
water bath. The fiber forms a gel and contains as much as 98% solvent and is therefore
referred to as "gel spinning". The solvent is evaporated from the fiber under the vacuum
and the fiber is ultra-drawn between 100-135°C. Typical draw ratios are between 30x -
100x and the strength and modulus of the fiber is determined by the draw. 5 Currently,
ultra high molecular weight extended chain polyethylene fibers on the market are all
made by solution/gel spinning technology and are represented by Honeywell's Spectra'
fibers, DSM-Toyobo's Dyneema® fibers and Mitsui's Tekmilon® fibers. 12
Since all three brands ofUHMWPE gel-spun fibers resemble each other. Spectra
fibers are chosen as the example to illustrate their common characteristics and properties
in this thesis. The microscopic structure of Spectra® fibers is typical of all organic
fibrous materials. The microfibrils are about 5nm in diameter and have finite length, and
the aggregated macrofibrils are about 50nm in diameter. Schaper
13
showed that the
longitudinal dimension of the microfibrils is about 1 000-2000nm and they have an aspect
ratio of 250-500. Grubb 14 reported from SAXS analysis, that the microfibrils exhibit a
long period of ~200nm, which suggests that the microfibrils have non-uniform density
and that the low density domains contain mainly crystal defects. Based on these
investigations, Kavesh and Prevorsek 15 proposed a model for the microfibril structure
shown in Figure 1 .2. In this model the disordered domains appear to be 4-5nm and they
are "amorphous" regions formed by chain ends. The "amorphous" domains are
covalently bonded to the adjacent nearly perfect, needle-like crystalline domains whose
aspect ratio is 40.
Figure 1.2 Model of microfibrils in Spectra" fibers
The fundamental difference between Spectra" fibers and other high strength
organic fibers, such as aramid fibers, lies in their longitudinal characteristics. Nearly
perfect crystals and fewer folded chains and localized defects make Spectra® fibers
superior to most other high performance fibers. A generalized schematic illustration for
fibrous materials is shown in Figure 1.3.
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Figure 1.3 Generalized models for fibrous materials
Fu 16 et al. examined the morphology of Spectra® fibers by means of full pattern
X-ray diffraction, powder X-ray diffraction, SAXS, solid state l3CNMR and DSC and
they concluded that there are three different phases in the fiber structure: a crystalline
phase, an amorphous phase and an intermediate phase. The crystalline phase consists of
orthorhombic and monoclinic crystals, which makes up -75% and -10% of the total
fiber, respectively. About 5% of the fiber is composed of the amorphous phase and the
final -10% is the so-called intermediate phase. The intermediate phase is made of
polyethylene chains that adopt a trans conformation and preferentially orient parallel to
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the fiber axis. The axial distance between layers of neighboring carbon atoms is similar
to that of the crystalline domain. However, the lateral packing is not as perfect and
ordered as it is within the crystals. The mobility of the chains in the intermediate phase is
one order of magnitude higher than that of the crystalline phase and one order of
magnitude lower than that of the amorphous phase. Based on the three-phase model, the
initial modulus is governed by the crystalline phase. The crystalline phase consists of
predominately fully extended chains and has low strains at break, therefore the
intermediate phase becomes the primary load-carrying component at increased strains
and determines the ultimate strength of the fibers.
Spectra® fibers possess extraordinary physical and mechanical properties, such as
low specific gravity, high modulus and strength, high impact resistance, high abrasion
tolerance, excellent chemical resistance, low dielectric constant, good UV resistance, low
moisture absorption, etc. Spectra® fibers have the lowest density of all the fibers. The
density of Spectra® fibers is 0.97 g/cm
,
approximately 2/3 of that of aramid fibers and
1/2 of that of carbon fibers. The low density of Spectra® fibers gives them the highest
specific tensile strength and the second highest specific tensile modulus (only below
carbon fibers) among all high performance fibers. The cross section of Spectra® fibers is
non-circular and irregular. The overall crystallinity of Spectra® fibers is between 80%
and 95% depending on the manufacturing condition and the measuring methods, and the
degree of crystalline orientation is as high as 95% - 99%. The melting point of Spectra®
fibers is about 150°C; almost 15 degrees higher than that of unoriented polyethylene.
This superheating phenomenon is due to different crystal sizes in the unoriented and
1 1
highly oriented polyethylene, as well as, high orientation and close packing that impose
constraints on the crystals and reduce their mobility.
Some of the mechanical properties of Spectra® fiber 900 and other high
performance fibers, such as aramid fiber, glass fiber, carbon fiber and melt-spun PE fiber
Snia® 18
,
are listed in Table 1 . 1
,
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Table 1 . 1 Properties of common high performance fibers
Fiber Types Spectra®
900
Snia® Kevlar®
S-
Glass
Carbon
MM
Tensile strength (GPa) 2.6 1.2 2.8 4.6 2.2
Specific tensile strength (\0
() Nm/Kg) 0.27 0.13 0.20 0.19 0.13
Tensile modulus (GPa) 117 58 124 90 393
Specific tensile modulus (10 6 N m/Kg) 12.6 6.1 9.3 3.6 22.4
Elongation (%) 3.5 3.0 2.5 5.4 0.6
Tenacity (gf/den) 30 13 22 21 14
Based on numerous experimental and theoretical studies, it is widely accepted that
the crystalline modulus of Spectra® fibers is estimated to be 300 ± 20GPa. The actual
fibers contain approximately 20% volume fraction of non-crystalline components and
nano-scale defects, so the maximum measured modulus is only ~120GPa. In addition,
the fiber modulus is temperature and strain rate dependent. At low temperatures and/or
high strain rates, the modulus of Spectra® fibers becomes fairly close to the theoretical
value of the crystalline modulus. As for theoretical strength, there is less agreement
among various researchers and the reported values range from 20GPa to 50GPa. The
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actual achieved strength of Spectra® fiber is about 3-4GPa at ambient temperature and
normal strain rate.
Apart from the outstanding tensile properties of Spectra® fibers, they also have
excellent abrasion and cut resistance. Ropes made of Spectra® fibers are eight times
better than aramid ropes in accelerated sheave and wear tests. 17 Spectra® fibers exhibit
higher chemical resistance than aramid fibers in various corrosive solvents. They have
excellent vibration damping capability, flex fatigue properties, self-lubricating properties
and a low coefficient of friction. Low dielectric constant makes them virtually
transparent to radar. Despite the impressive list of properties, Spectra® fibers also have
their limitations; low Tg and relatively low melting point prevent them from being used at
high temperatures. Due to their chemical inertness and lack of functional groups.
Spectra® fibers are difficult to bond to most materials, which makes it difficult to make
Spectra® fiber reinforced polymer composites. Their compressive properties are among
the lowest of all high performance fibers and they are weak in wear and tension fatigue.
1.3 Spectra® Fiber Reinforced Composites
Since Spectra® fibers were introduced to the market, there have been tremendous
efforts put to make Spectra® fiber reinforced composites. The fiber yarns can be
impregnated unidirectionally in composites by conventional prepreg routes. Fibers can
be cross-plied, angle-plied and quasi-isotropically arranged using the wet/dry lay-up
process. Fabrics in the form of woven cloth or nonwoven felt can also be used in
composites. Both thermoset and thermoplastic matrices have been adopted, e.g., epoxy
resin, polyester and urethane, for use with Spectra® fibers and fabrics.
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In order to translate the outstanding properties of Spectra® fibers into the
composites, good interfacial adhesion between fibers and matrices is required. 1 Iowever,
because Spectra® fibers are nonpolar and have no reactive surface chemical groups, they
stick to virtually no common matrices. The way to overcome this obstacle is by means of
various fiber pre-treatments. Spectra® fibers can be chemically etched by chromic acid 1
"
or oxidi/.ed by polypyrrole20 to increase the surface roughness. Plasma and corona
treatments in 02 or C02 introduce chemical groups onto the fiber surface through chain
scission and substitution, and etch and roughen the fiber surface.21,22 Cohen et al.23,24
developed a novel method to make Spectra® fiber based composites using UHMWPH as
matrix. They treated Spectra® fibers with a hot Ul IMWPH solution. Surface swelling of
the fibers and consequent physical entanglement with the UHMWPH molecules in the
solution formed a "brush" layer around the individual fibers and upon cooling the
"brush" layer crystallized. The treated fibers were aligned unidirectionally and subjected
to heat and pressure. The product was essentially a preprcg with Ul IMWPH as matrix.
The final composite can be fabricated by compression molding or calendaring into any
desired shape. All the liber pre-treatments mentioned previously are proven to
significantly improve the bonding of Spectra® fibers to matrices but generally degrade
the fiber properties.
The mechanical properties of Spectra® fiber reinforced composites have been
investigated by many researchers; unidirectional laminated epoxy matrix composites
reinforced by Spectra® fibers and Kevlar
00
fibers are compared in fable 1 2 b In terms of
longitudinal tensile strength. Spectra
00
fiber composites are almost as good as Kevlar®
fiber composites. However, Kevlar® fiber composites out-perform Spectra® fiber
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composites in both transverse tensile strength and shear strength, mainly because of
better interfacial adhesion.
Table 1
.2 Comparison of Spectra® fiber and Kevlar® fiber unidirectional composites
Unidirectional composites Spectra® fiber epoxy Kevlar® fiber epoxy
matrix composites matrix composites
Shear strength (MPa) 9-15 50-60
Longitudinal tensile strength (GPa) 1.0-1.3 1.3-1.4
Transversal tensile strength (MPa) 9-11 20-25
One of the major interests in Spectra '' fiber reinforced composites is their
potential as ballistic protective materials. Today's state-of-the-art products use Kevlar®
fiber reinforcement. Kevlar® fibers are covalently bonded in only one direction and the
amide linkages promote hydrogen bonds between chains to form a three-dimensional
network. Spectra® fibers have no active chemical groups and are essentially a one-
dimensional structure ' and polymer chains can slide past each other under load. As a
result, Spectra® fibers have a high ductility and energy absorption capability. Unlike
carbon fibers. Spectra® fibers do not show abrupt brittle failure at high stress and thus
they are highly suitable for applications that require energy absorption, overload
protection, and ductile non-catastrophic failure.
Although Spectra® fibers are somewhat viscoelastic at standard strain rates, they
behave in a linear elastic manner at high strain rates such as happens in ballistic impact.
The fiber strength and modulus increase with increasing strain rate. In ballistic
conditions, their strength and modulus are estimated to be 5GPa and 280GPa,
respectively.
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It has been shown that the penetration of soft body armor and military
15
helmets happens primarily by breaking in tension, cutting and lateral displacement of the
filaments.
15
Spectra® fibers have substantially higher cut resistance than Kevlar®. The
velocity of the strain wave propagating through a material is in proportion to the square
root of the Young's modulus to density ratio ( ^Ifp ). The wave speed determines how
fast the impact energy can be transported away for the impact site. In a laminated
structure, like a helmet, the wave propagation speed is slower through thickness direction
compared to the laminate plane. Increased wave velocity in the plane rapidly spreads out
the impact energy laterally and results in a high volume of material involved in energy
absorption in a short time. Due to Spectra® fibers' high modulus and low density, the
value of ^E/p is higher than for other fibers (e.g. 17.8 km/s for Spectra® vs. 12.3 km/s
for aramid). 26 Spectra® fibers have excellent damage tolerance. Repetitive impact tests
show increased rigidity of the samples. 15 Contrary to the expectation of weakening.
Spectra® fiber composites actually enhance their properties after impact. The lack of
adhesive bond between Spectra® fiber and matrix, a drawback in other applications, is
actually desirable in ballistic applications. The extensive delamination and debonding in
the composites when subject to ballistic impact provides excellent channels to dissipate
high energy.
Another huge advantage of Spectra® fiber based armor is its light weight without
sacrificing the high level of protection. As shown in Figure 1.4,
15
Spectra® fiber 900
based composites have better ballistic properties compared to aramid fiber composites for
the same areal density. Composite armor produced from Spectra® fibers weighs 30%-
50% less than for the same performance level aramid composite armor. Lower weight
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armor, especially helmets, can significantly reduce wearer fatigue and allows for more
sophisticated combat equipment to be mounted on the helmets. The standard aramid
military helmet currently made from Kevlar® 29 weighs three pounds and in comparison
a helmet made from Spectra® fibers weighs only slightly over two pounds 27
0.7
Aramid
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Figure 1.4 Comparison of ballistic properties against 2 caliber projectiles: Spectra* fiber
900 composites vs. aramid fiber composites
1 .4 One-polymer Composites
There has been growing interest in producing fiber reinforced composites in
which the oriented phase and the continuous phase have similar chemical compositions.
Usually these kinds of composites have good interfacial adhesion between the fibers and
matrices. In the first example, presented by Capiati and Porter, a high modulus PE
filament with a high melting temperature was embedded in a block of HDPE with a low
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melting temperature and they called it a "one-polymer composite". The interfacial shear
strength was fairly high due to the epitaxial transcrystallinity developed in the interphase
region of the fiber and matrix. Later, other researchers extended this technique and
developed the film stacking method.29,30 Other approaches to make one-polymer
composites have included powder impregnation31 and solvent impregnation. 32 Most
recently, Cohen et al. invented a unique method to produce UHMWPE fiber/UHMWPE
matrix composites, as mentioned in the previous section.
In the above cases a secondary polymer, besides the polymeric fibers, is used as a
binder or matrix to form the continuous phase. Ward at the University of Leeds has
developed a new process called "hot compaction" which utilizes only one starting
component (a highly oriented fiber or tape) and applies sufficient heat and pressure so
that the surface of the oriented phase melts partially and recrystallizes on cooling to form
the matrix phase. Since only a small portion of the oriented phase is melted to fill the
interstice and serve as a binder, the majority of the original properties of the oriented
phase are preserved. There is strong adhesion bonding between the two phases because
of the molecular continuity throughout the composites. The challenge is to find the
proper processing window in terms of time, temperature, and pressure. Since the lateral
adhesion and strength are developed at the cost of the longitudinal strength, it is critical to
strictly control the processing conditions so as to achieve a balanced overall mechanical
integrity. Melt-spun polyethylene fiber was the first system studied by Ward, where the
compaction scheme adopted is a two-stage process. First the fibers are pressed under a
relatively low contact pressure at the "compaction temperature". The "soaking time" is
several minutes in order to allow for the selective melting of the fiber surface. Then a
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substantially higher pressure is applied for a short period to consolidate the structure and
upon cooling a stiff, strong sheet with one chemical composition is formed.
Subsequently, similar research was carried out using other materials, such as PET, PP,
Spectra®, and Vectran® LCP fibers. 33-42
Meanwhile, a parallel study conducted by Farris et al. at the University of
Massachusetts introduced a similar process. The initial motivation was to make a
protective coating for optics on military airplanes that could sustain the supersonic impact
of rain and dust and be transparent to IR. Spectra® plain woven cloth was chosen as the
starting material because of its desired properties. The process involves constraint of the
cloth under lateral pressure to prevent shrinking and then increase of temperature near or
slightly above the melting point of the Spectra® fiber. Upon cooling, while pressure is
maintained, the cloth fuses together and forms a strong sheet. This research has led to
several patents regarding the making of high strength, high modulus polymeric materials
c • i • 43-47
tor impact resistant application.
1.5 Project Overview
High strength, high impact resistant polymeric composites are very useful
materials. They have numerous applications in the fields of aerospace, automotive,
marine, military, industry, and sporting goods, etc. Usually they are made of a high
performance fiber and an appropriate resin matrix. The objective of this research is to
explore a novel method to make "matrix free" polymeric composites.
48 The approach
involves the consolidation of fabrics using only heat and pressure without the addition of
resin matrices or bonding agents. The surface melting of the fibers and subsequent
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recrystallization upon cooling serves as the bonding mechanism. By eliminating the
matrices, the composite achieves a high fiber volume fraction, which leads to better
properties. Also the overall weight of the composites is significantly reduced, which is
an enormous advantage for applications such as airplane structures and ballistic shields.
The motivation for the work is to make ballistic armor and helmets using fabrics
made of ultra high molecular weight polyethylene (UHMWPE) fibers (trade name:
Spectra®). It is well known that at elevated temperatures polyethylene is "rubbery" and
can be subjected to considerable stretching. If layers of cloth are properly confined to
prevent shrinkage, exposed to an appropriate heating and stretching sequence,
consolidated and allowed to cool, it is feasible to produce a thick, rigid ballistic shield
with curvatures and shapes. The schematic of this method is illustrated in Figure 1 .5.
Currently, ballistic hard armors are made of multiple layers of tightly woven cloth of high
performance fibers and an adhesive matrix. When complex shapes involving double
curvature are required, such as helmets or body armor, specially cut patterns are needed
for lay-up to create the complex geometries since the materials used are not extensible.
The proposed method does not involve the cutting of complex patterns or the use of any
adhesive matrices, therefore simplifies the manufacturing process. A detailed method of
fabrication, such as heating and stretching sequence, was developed and the optimal
processing conditions, in terms of molding time, temperature and pressure, were
established for Spectra® cloth. Thermo-mechanical properties, microstructures and
morphologies, and ballistic performance of the products were investigated and evaluated.
The results were correlated and reflected in the process-structure-property relationship.
Two other commercial products that consist of the extended chain UHMWPE fibers,
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Dyneema Fraglight" and Spectra Shield® Plus PCR, were also studied using this process
as a comparison.
Steel plate
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Figure 1.5 Schematic of high-temperature high-pressure sintering coupled with
thermoforming process
Matrix free Spectra® fiber reinforced composites are made from one
thermoplastic polymeric fiber. A distinctive feature is that they are thermoformable and
therefore can be further processed in many ways such as compression molding or
calendaring. As a unique concept, this methodology can be applied to other polymers,
such as polypropylene, PET, Nylon, Vectran®, Lycra® and Nomex®, in forms of either
fibers or woven and nonwoven fabrics. Many useful products and applications are
foreseeable, such as tear resistant protective coatings, pressure vessels, high strength
tubes, automobile bumpers, radomes, sporting goods and orthopedic implants, etc.
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CHAPTER 2
THERMO-MECHANICAL PROPERTIES, STRUCTURE AND MORPHOLOGY
OF SPECTRA® FIBER, YARN, AND CLOTH
2.1 Introduction
Since the commercialization of ultra high molecular weight polyethylene fibers in
the mid 1980s, their structures and properties have been the subject of numerous
researchers.
16
'
49 "56
Their common properties as high performance fibers were briefly
described in the previous chapter. Honeywell produces Spectra® fiber in several grades
with different properties due to different manufacturing processes. In order to
investigate property evolution during the high-temperature high-pressure sintering
process, it is crucial to thoroughly study the properties of the virgin materials, including
the single filament, yarn and woven cloth. The structure and morphology are important
factors in determining the final properties of the material and also need to be carefully
examined.
This chapter describes the measurement of various thermo-mechanical properties
and studies of the structure and morphology of Spectra® single fiber, yarn and woven
cloth. Property and structural information are necessary in order to understand, apply,
and optimize the sintering process. Tensile modulus and strength are among the most
important mechanical properties associated with the fibers, since they indicate the load
carrying capacity of the fibers. As a thermoplastic material, the tensile properties of
Spectra® fiber are expected to have a strong dependence on temperature. Experiments
were conducted to measure the tensile properties of Spectra® single fibers and yarns at
both ambient and elevated temperatures. The tensile properties of annealed Spectra®
22
fibers were measured at ambient temperature to determine the influence of thermal
histories on the mechanical properties. Spectra® fiber is "ultra-drawn" during
manufacturing (the draw ratio can be over lOOx) and the result is highly oriented polymer
molecules in an extended chain conformation. At elevated temperatures the extended
chains tend to relax towards the entropically favorable random coil conformation;
macroscopically the fiber shrinks and if constrained a shrinking force develops within the
fiber. Thermal shrinkage was determined by soaking filaments in a hot bath at various
temperatures and measuring the change in length. The shrinkage force developed with
increasing temperature for the single filament under iso-strain condition was monitored
using a Thermal Mechanical Analyzer (TMA) until the filament broke. Polyethylene is a
semicrystalline polymer and its melting behavior can be monitored by Differential
Scanning Calorimetry (DSC). The peak melting temperatures were identified, the
crystalline melting enthalpy was measured, and the degree of crystallinity was calculated
for Spectra® fiber and cloth. The fibers are under lateral pressure and constrained during
the sintering process. Efforts were made to simulate the constrained state of the fibers
and study the constraining effect on the fiber melting by DSC. Spectra® fiber is highly
oriented polyethylene and the extended chains are parallel to each other. The molecular
orientation of unidirectionally aligned fibers and the as-received cloth was investigated
using Wide Angle X-ray Diffraction (WAXD) and the Hermans orientation function
values were calculated. The microscopic features of Spectra® fiber and the weaving
patterns of the cloth were examined by Scanning Electron Microscopy (SEM).
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2.2 Experimental
2.2.1 Materials
Spectra® fiber was obtained from Honeywell and designated as Spectra® 900. 57
The yarn contains 120 filaments per tow and has a linear density of 1200 denier. The
density of the fiber is 0.97g/cm 3
.
Spectra® cloth was also provided by Honeywell and
designated as Spectra® cloth 903. It is a plain woven cloth with an average thickness of
0.5mm and an areal density of 0.024g/cm2
. Both materials were sampled and tested in
the as-received state without any further treatments. Spectra® cloth 903 is the material of
choice for ballistic protective hard armor.
2.2.2 Testing methods and instruments
2.2.2.1 Tensile properties
The tensile properties of the single filament and yarn were tested on an Instron®
5564 equipped with an environmental chamber according to ASTM standard D2256.
The specimen gauge length was 1 50mm and the strain rate was 10% per minute.
Spectra® fiber tends to slip from the grips, so a set of special homemade grips were used.
The grips consist of an aluminum rod and two aluminum gripping pieces with matching
faces. The fiber was wrapped tightly around the aluminum rod and then sandwiched
between the two gripping pieces using four screws to fasten. The novel grips provide a
locking mechanism that prevents fiber slippage during tensile deformation. The
specimens were tested at ambient and elevated temperatures. An environmental
chamber, which encases both the upper and lower grip, enabled specimens to be tested at
100°C, 130°C, 135°C, 140°C, and 145°C. A fiber specimen was mounted in grips and
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the environmental chamber was heated. A thermal controller was used to monitor the
temperature of the chamber. A thermal couple was placed into the chamber near the
middle of the specimen to monitor the temperature experienced by the specimen. Once
the specimen reached the final temperature, the test was begun and run until the specimen
broke. Annealing of the specimen was achieved by heating the mounted fiber in the
environmental chamber and then holding the fiber at set temperatures for two minutes.
The specimen was rapidly cooled to room temperature in air. The tensile test was
performed on the annealed specimens at ambient temperature. The fiber diameter was
measured by optical microscopy and calculated from the linear density of the fiber. The
tensile modulus, breaking strength and strain at break were determined.
2.2.2.2 Thermal analysis
Thermal shrinkage
Free shrinkage of the filament at 130°C, 135°C, 140°C, 142°Cs, and 145°C was
determined. The filament was immersed into a preheated oil bath for a period of time,
removed, and the final filament length was measured. The free shrinkage is calculated
from the change in length relative to the initial filament length. The initial filament
length was 300 mm and a soak time of 10 minutes was used at 130°C, 135°C, 140°C and
142°C, and 5 seconds at 145°C.
Thermal mechanical analysis
A TA Instrument TMA 2940 was used to monitor the shrinkage force developed
during heating of a constrained fiber. A specimen gauge length was 12.5mm and an
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initial load of 0.008N was used. The specimen was heated at 10°C/min. under an iso-
strain condition in nitrogen (35 ml/min.) and the change in load with temperature was
recorded.
Differential scanning calorimetry
A TA Instrument DSC 2910 was used to observe the melting behavior of chopped
Spectra® fiber and Spectra® cloth and to study the influence of constraint on fiber
melting. -10 mg of the samples in hermetically sealed pans were heated at 10°C/min.
from room temperature to 200°C under nitrogen (50 ml/min.). Two methods of
constraining were used: winding and knotting. The fiber was wound tightly around a
small piece of aluminum and the ends were fastened, or the fiber was tied into a series of
tight knots.
2.2.2.3 Structure and morphology
Scanning Electron Microscopy
Spectra® cloth was mounted onto a SEM plate, sputter-coated with gold, and
examined using a Field Emission Scanning Electron Microscope (FESEM JEOL JSM-
6320FXV).
Wide Angle X-ray Diffraction
Wide Angle X-ray Diffraction (WAXD) patterns were collected using pin hole
collimated, monochromatic Cu Ka radiation and a Bruker® "High Star" two dimensional
detector. Unidirectionally aligned fiber samples were prepared by winding fiber around
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metal frame which had two aligned notches. The unidirectionally aligned fiber was
oriented perpendicular to the X-ray beam and the diffraction pattern was collected. The
diffraction pattern from the as-received Spectra® cloth 903 was also collected. The cloth
was oriented "flat-on" so that the incident X-ray beam was perpendicular to the cloth and
the weft or warp yarn was aligned parallel to the horizon. A radiation time of 300
seconds was used and diffraction patterns were captured digitally. The integration of the
intensity was preformed using GADDS commercial software.
2.3 Results and Discussion
2.3.1 Tensile properties of single fibers and yarns at ambient and elevated temperatures
Spectra® 900 is a high performance fiber with a high modulus and strength. Yet,
it is hard to believe that polyethylene, a material typically found in items such as "milk
jug" plastics, possesses such outstanding tensile properties. Made by the gel-spinning
process, Spectra
'
fiber has extremely high molecular orientation and crystallinity
resulting from its extended chain conformation which provides its unique properties. The
crystalline orientation is also very high and needle-like crystals align parallel to the fiber
• 15
axis.
Testing, at ambient temperature
Single filaments measured at ambient temperature have better tensile properties
than those of yarns measured under similar conditions. The measured Young's modulus,
breaking strength, and strain at break for the single filaments are close to the values
reported by other researchers, suggesting that our homemade grips effectively prevented
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fiber slippage and quality data were collected. A yarn consists of bundles of fibers which
have had a few twists applied during the manufacturing to ease handling. During tensile
testing, each fiber within a yarn is not as perfectly aligned as a single fiber would be
when it is mounted in the grips and there is greater possibility of slippage for the yarn.
Both the single filaments and yarns have very high Young's modulus and breaking
strength (Table 2.1). Strains at break are relatively low which is characteristic of high
modulus fibers. Typical stress-strain curves for the filaments and yarns are shown in
Figure 2.1 and 2.2, respectively. The filament specimen shows an almost linear elastic
response until break and the yarn shows an initially linear elastic behavior to a yielding
point, followed by gradual decrease in stress. Individual filaments in the yarn break
gradually upon stretching, not all at the same strain level, resulting in the gradual
decrease of the load.
Table 2.1 Tensile properties of Spectra
00
fiber 900 at ambient temperature
Specimen Type Filament Yarn
Young's Modulus (GPa) 69.8 55.5
Breaking Strength (GPa) 1 .97 1 .34
Strain at Break (%) 4.50 3.01
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Figure 2.1 Typical stress-strain curve of a single filament at ambient temperature
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Figure 2.2 Typical stress-strain curve of a yarn at ambient temperature
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Testing at elevated temperatures
Polyethylene is thermoplastic. At elevated temperatures, polymer chain mobilit)
increases and viscosity decreases. Polymer crystal melting temperature depends on its
lamellae size; smaller crystals mell at lower temperatures relative to larger crystals in a
non-uniformed crystalline system, 59 In a mechanical test, these factors manifest
themselves by a dramatic decrease of Young's modulus and breaking strength with
increasing test temperature.
The mechanical properties measured at elevated temperatures and at ambient
temperature for filaments and yarns arc compared in Table 2.2 and 2.3, respectively.
Filament modulus and strength decrease rapidly with increasing test temperature; at
145°C the Young's modulus is only 9.5% of its original value and breaking strength is
only 3.6% of its original value. Strain at break increases initially with test temperature,
reaches I (>X% of its original value at 140°C and then drops to 3.18% at 145°C. The fiber
becomes compliant and stretchy at elevated temperatures. As the temperature is
increased near to the melting temperature ( 145°C), Tm of the fiber, much of the
crystallinity within the fiber is lost with its mechanical integrity.
Table 2.2 Tensile properties of Spectra' 900 filament at ambient and elevated
temperatures
l est Temperature ambient I00°C 130°C 140°C 145°C
Young's Modulus (GPa) 69.8 43.9 28.4 12.8 6.66
breaking Strength (GPa) 1.97 1.19 0.57 0.16 0.07
Strain at Break (%) 4.50 5.08 6.46 7.58 3.18
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Table 2.3 Tensile properties of Spectra® 900 yarn at ambient and elevated temperatures
Test Temperature ambient 100°C 130°C 140°C 145°C
Young's Modulus (GPa) 55.5 16.5 10.5 7.10 3.55
Breaking Strength (GPa) 1.34 0.47 0.11 0.06 0.04
Strain at Break (%) 3.01 7.93 5.85 4.32 3.50
The yarn modulus and strength decrease quickly with increasing test temperature
compared to that of the filament. At 145°C the Young's modulus is 6.4% of its original
value and strength 3%. The strain at break at 100°C is more than double the original
value, but decreases with increasing temperature due to crystal melting. The Young's
modulus, breaking strength, and strain at break for the filament and yarn at ambient and
elevated temperatures are compared in Figure 2.3, 2.4 and 2.5, respectively.
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Figure 2.3 Young's modulus of the filament and yarn at ambient and elevated
temperatures
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Figure 2.4 Breaking strength of the filament and yarn at ambient and elevated
temperatures
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Figure 2.5 Strain at break of the filament and yarn at ambient and elevated temperatures
Testing at ambient temperature after annealing at elevated temperatures
During fiber annealing, a single filament was clamped between grips and a small
initial force was applied to the fiber prior to heating. As the temperature was increased,
the specimen was allowed slack due to the thermal expansion of the aluminum grips and
connecting rod. After annealing for two minutes, the specimen was rapidly cooled, it
returned to its original taut position in the grips and the tensile test was begun. The
filament was capable of shrinkage during the annealing process which was detrimental
the tensile properties of the filament (Table 2.4). Due to experimental difficulties the
fibers could not be constrained during annealing. If the filament had been held under
constraint tension during annealing the tensile properties would have been preserved.
Constraint of the fibers can raise the melting temperature of the fibers, as will be
discussed later in the chapter (Section 2.3.4). The highest annealing temperature at which
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the specimen will not break prematurely is 145°C. The Young's modulus and breaking
strength of the filament is significantly maintained after annealing; at 145°C the modulus
of the single filament is 75% and strength is 82% of its original values, while the strain at
break remains relatively unchanged. Annealing increases the breaking strength of the
filament, in comparison to the as-received virgin material, possibly due to the recoil of
the chains during shrinkage.
Table 2.4 Tensile properties of Spectra® 900 filament annealed at elevated temperatures
Annealing Temperature ambient 135°C 140°C 145°C
Young's Modulus (GPa) 69.8 66.4 65.1 52.4
Breaking Strength (GPa) 1.97 1.79 1.84 1.61
Strain at Break (%) 4.50 5.19 5.25 5.06
2.3.2 Thermal shrinkage of single filaments
Shrinkage of the filament was measured at temperatures between 130°C and
145°C; an upper limiting temperature of 145°C was chosen as the melting onset
temperature of the fiber is ~ 140°C and huge shrinkage resulting in the destruction of the
sample would be expected at temperatures greater than that. Spectra® fiber shrinks
dramatically at above 142°C in a short period of time. Shrinkage is reported as a
percentage with respect to the original length in Table 2.5 and Figure 2.6. Shrinkage is
an entropy-driven transformation of chain conformations, from the extended state to the
random coil state. Shrinkage results in the loss of molecular orientation and hence
diminishes the longitudinal strength and stiffness of the fiber. A sufficient constraint is
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required to prevent shrinkage when subjecting Spectra® fiber to high temperatures in
order to preserve its original strength.
Table 2.5 Thermal shrinkage of Spectra® 900 single filaments at elevated temperatures
Soaking Temperature 130°C 135°C 140°C 142°C 145°C
Length (mm) 291 289 283 278 118
Shrinkage (%) 3.11% 3.67% 5.67% 7.28% 60.8%
100%
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Figure 2.6 Thermal shrinkage of Spectra® 900 single filaments at elevated temperatures
2.3.3 Thermal mechanical analysis of a single filament
According to the shrinkage measurement Spectra® fiber has a negative coefficient
of thermal expansion; a large shrinkage force is developed within the fiber when it is
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heated under an iso-strain condition. Thermal mechanical analysis (TMA) was used to
monitor the shrinkage force within the fiber as a function of temperature. The shrinkage
force is shown to increase with temperature (Figure 2.7) and at 142°C a maximum force
of 0.0363N is measured (approximately 4.5 times the initial force applied to hold the
specimen taut). The stress at break is calculated to be 0.03GPa and comparable to the
breaking strength of the single filament at 145°C (0.07GPa) as shown in the previous
section (Table 2.2). A sufficient constraint is required to prevent the fiber from shrinking
during the consolidation and a large force is needed to stretch the fiber during the shaping
and molding process in order to overcome the thermal shrinkage.
0.05
0.04
_ 0.03 -
O
0.02
0.01
0.00
20 40 60 80 100
Temperature (C)
120 140 160
Figure 2.7 The observed shrinkage force of a Spectra® 900 single filament with
increasing temperature
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2.3.4 Differential scanning calorimetry of the unconstrained and constrained filaments
and the as-received Spectra® cloth
The Differential scanning calorimetry (DSC) trace for each of the unconstrained
and two types of constrained wound and knotted fibers shows a single melting endotherm
(Figure 2.8). The melting peak for the unconstrained Spectra® fiber 900 is at
approximately 1 50°C. Constraining the fiber either by winding tightly or making tight
knots one on another has raised the melting peak temperature by nearly 10°C.
"Superheating" phenomenon58 is well known to researchers, and its occurrence is related
to the constraint limiting the molecular relaxation and motion, thus deferring the onset of
the melting. The retarded stress release within the specimen leads to additional
superheating that is lost during melting. 50 This phenomenon is the basis of the high-
temperature high-pressure sintering technique. The enormous lateral pressure exerted on
the fibers during processing effectively constrains them. The fibers may then be heated
to their normal melting temperature without excessive melting except for the amount
required to weld the fibers together. The high crystallinity of the fiber would be
preserved, as it is crucial to the high strength of the fiber. The crystalline melting
enthalpy for two types of constrained fibers is smaller than that of the unconstrained
fiber, although this is not to suggest that the constrained fiber has a lower degree of
crystallinity. When the fiber is constrained, either by winding or knotting, strain energy
stored in the material can not be transformed into work. The internal energy of the
material is raised so less thermal energy is needed to melt the crystals. The heat
measured by DSC corresponds to the thermal energy added to the material to cause
melting.
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Figure 2.8 DSC traces of Spectra " fiber 900 in unconstrained and constrained states
Spectra" cloth 903 is made of Spectra® fiber 900 without any treatments. The
first and second run DSC traces for Spectra® cloth 903 are shown in Figure 2.9 and 2.10,
respectively. In the first trace. Spectra® cloth 903 and Spectra® fiber 900 have the same
melting peak temperature at 1 50°C. In the second trace the melting peak temperature has
shifted to 135°C, which is equivalent to the melting temperature of unoriented
polyethylene. The recrystallized material, which was formed during quenching after the
first run, is unoriented and the high orientation was destroyed during the melting process
in the first run. I Iigh molecular orientation results in a high melting temperature due
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largely to an increase in the crystallite c axis dimension.59 High orientation of chains
produces larger crystallites that melt at higher temperatures than smaller crystallites.
1 ligh orientation requires the polyethylene chains adopt an extended conformation and
pack side by side. The constraint imposed by the dense packing limits the relaxation and
motion of the molecules and therefore deters the melting. The crystalline melting
enthalpy from the first and second run of Spectra® cloth 903 differs, 288.9J/g and
191 .3J/g, respectively, indicating that the original melted crystals are not fully
transformed into new crystals. A large portion of the melt becomes part of the
noncrystalline phase, either the amorphous phase or the intermediate phase, 16 and the
recrystallized material has a much lower degree of crystallinity than the original material
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Figure 2.9 The first run DSC trace of Spectra® cloth 903
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Figure 2. 1 0 The second run DSC trace of Spectra cloth 903 after quenching
High orientation and crystallinity are the keys to the high strength of Spectra
fiber and excessive melting during the sintering process should be avoided. The
recrystallized phase, prepared from the melt upon cooling, has a lower degree of
orientation and offers little to the longitudinal strength of the sintered products. Lower
orientation within the recrystallized phase leads to lower crystallinity compared to the
original material and decreases the strength of the sintered products.
2.3.5 Scanning electron microscopy images of Spectra® fiber 900 and Spectra® cloth 903
Scanning electron microscopy (SEM) image for the cross section of a fiber bundle
in the cloth shows that the individual fibers have different shaped cross sections (Figure
2.11). The cross sections are not circular but rather irregular and polygonal, although
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they do have similar diameters, or similar cross sectional areas in a strict sense. The
SEM image for a section of Spectra"9 cloth shows the plain weaving pattern of the cloth
very clearly (Figure 2.12). The fibers are nearly parallel to each other within a bundled
yarn in either the warp or weft direction. There are a few libers that deviate from the
general direction, which could be the result of the twists applied to the yarn or the
disturbance by the weaving process. The misalignments decrease the overall fiber
orientation and lead to lower Hermans orientation function values, as illustrated in the
following section.
41
2.3.6 Wide angle X-ray diffraction of unidirectionally aligned Speetra® fiber and the as-
reeeived Spectra
00
eloth
Wide angle X-ray diflraetion (WAXD) experiments revealed typieal diflraetion
patterns of highly oriented polyethylene, eharaeterized by the bright spot corresponding
to the (1 10) and (200) reflections of the orlhorhombic crystals. 60 Figure 2.13 and 2.14
show the diffraction pattern for unidirectionally aligned fibers and the plain woven cloth,
respectively. The WAXD pattern of the cloth shows two sets of diffraction patterns
corresponding to the 0/90 degree aligned fibers in the cloth. The 1 lermans orientation
function was calculated in order to quantify the degree of orientation. The Hermans
orientation function is a measure of the deviation of polymer chain alignment from the
axis of interest (figure 2. 1 5). If I lermans orientation function, / = 1, the chains are fully
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aligned and parallel to the axis. If/= 0, the chains are randomly oriented and if / =
all the chains are perpendicular to the axis.
Figure 2.13 WAXD pattern of unidirectionally aligned Spectra® 900 fiber
Figure 2.14 WAXD pattern of the as-received Spectra cloth 903
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Figure 2.15 Hermans orientation function
From an integration of intensity over the azimuthal angle, Hermans orientation
function was calculated and the results are shown in Table 2.6. Both materials are highly
oriented. Unidirectionally aligned fibers have a higher degree of orientation than the
woven cloth due to the inevitable misalignment of the fiber within the cloth as seen by
SEM previously. The results are also confirmed by well defined high order diffractions
exhibited in the diffraction pattern of the unidirectionally aligned fiber.
Table 2.6 Hermans orientation function of unidirectionally aligned Spectra® fiber 900 and
the as-received Spectra" cloth 903
Specimen type Unidirectional fibers Woven cloth
Hermans orientation function 0.942 0.887
2.4 Conclusion
As a high performance fiber, Spectra® fiber 900 has a high Young's modulus and
tensile strength at ambient temperature although its strain at break is relatively low. Its
tensile properties have strong temperature dependence and decrease rapidly with
increasing temperature. As the fiber becomes more compliant at elevated temperatures,
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its strain at break greatly increases. The tensile properties of the fibers annealed at high
temperatures remain at a relatively high level even as the annealing temperature is raised
near the melting temperature of the fiber. If a proper constraint on the fiber were used
during the annealing process, the tensile properties could have been largely preserved
after the fiber returned to ambient temperature. A constraint on the fiber can raise its
melting temperature by 1 0°C. These facts lay the foundation for the high-temperature
high-pressure sintering process, i.e., to preserve the superior properties of the original
fiber and to translate them into the outstanding properties of the homocomposites.
Spectra® fiber 900 has a negative coefficient of thermal expansion, it shrinks dramatically
at a temperature above 142°C and if constrained develops a large shrinkage force. X-ray
diffraction results show that Spectra® fiber 900 has a very high degree of molecular
orientation characterized by a high Hermans orientation function value. DSC
demonstrated that the original highly oriented crystals have a considerably higher melting
temperature than unoriented polyethylene. If these crystals are completely destroyed by
melting, the recrystallized phase from melted fiber is unoriented. The melted phase do
not fully crystallize upon cooling, resulting in a decrease in the degree of crystallinity. In
order to preserve the high crystallinity and orientation, which are the two underlying
reasons for the high properties of Spectra® fiber, a sufficient force is required to constrain
the fiber throughout the sintering process to prevent the fiber from shrinking and to raise
the melting temperature of the fiber.
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CHAPTER 3
OPTIMIZATION OF THE HIGH-TEMPERATURE HIGH-PRESSURE
SINTERING PROCESS FOR CONSOLIDATING SPECTRA® CLOTH
3.1 Introduction
In the previous chapter, it was discovered that Spectra® fiber can sustain relatively
high temperatures yet maintain its overall structure and properties, especially if it is
constrained during heating. A constraint on the fiber can shift its melting temperature
upwards by almost 1 0 degrees. It was proposed that Spectra® fiber and cloth could be
consolidated using heat and pressure. If the processing conditions are tuned correctly,
only small amount of the fiber will melt and recrystallize on cooling to fuse the material.
The resulting product is a high modulus and strength "one-polymer" composite and this
kind of material is a highly favorable candidate for ballistic shields. In a bid to explore a
simple and effective approach to make body armor and helmets, a novel processing
method called high-temperature high-pressure sintering was developed.
This chapter describes the processing procedures to consolidate Spectra® cloth
903 using high-temperature high-pressure sintering. Three key processing parameters are
temperature, time and pressure and their influence on the structure and properties of the
consolidated material were studied. The high temperature is in the vicinity of the fiber's
normal melting point so as to induce adequate but not excessive melting. The time is
important to allow for adequate heat transfer to promote interfiber and interlayer adhesion
while conserving the fiber's high crystallinity and orientation. The high pressure exerted
laterally on the fiber and cloth is required to constrain them and prevent shrinkage, as
well as eliminate the voids and consolidate the materials. The crystallinity changes for
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specimens processed under different conditions were measured by DSC; molecular
orientation changes were studied by WAXD; and the impact properties were measured by
puncture tests. The established process-structure-property relationship was used as a
guideline to tune the processing conditions. Since impact resistance is important to
ballistic protective apparatus, the processing conditions were optimized to achieve the
best possible impact properties.
3.2 Experimental
3.2.1 Materials
Spectra® fiber was obtained from Honeywell and designated as Spectra® 900. 57
The yarn contains 120 filaments per tow and has a linear density of 1200 denier. The
density of the fiber is 0.97g/cm3
.
Spectra® cloth was also provided by Honeywell and
designated as Spectra® cloth 903. It is a plain woven cloth with an average thickness of
0.5mm and an areal density of 0.024g/cm . Both materials were sampled and tested in
the as-received state without any further treatments. Spectra® cloth 903 is the material of
choice for ballistic protective hard armor.
3.2.2 Processing procedures
A single layer of cloth was sandwiched within aluminum foils and placed in
between two steel plates. The hot press was preheated to a desired processing
temperature, the temperature was allowed to equilibrate, and the sandwiched cloth was
placed in the hot press. The upper and lower platens of the press were closed onto the
specimen and the pressure was raised to the desired processing pressure. The pressure
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and temperature were held constant for a period of processing time to execute the
sintering process. The hot press and the specimen were quenched by running tap water
through the press platens while pressure was maintained. The sintered specimen was
removed from the press at ambient temperature and separated from the aluminum foil; no
mold release agent was used.
3.2.3 Measurement of crystallinity changes by DSC
A TA Instrument DSC 2910 was used to observe the melting behavior of single
layers Spectra® cloth consolidated under various processing conditions. -10 mg of the
samples in hermetically sealed pans were heated at 10°C/min from room temperature to
200°C under nitrogen (50 ml/min.).
3.2.4 Measurement of orientation changes by WAXD
Wide Angle X-ray Diffraction (WAXD) patterns were collected using pin hole
collimated, monochromatic Cu Ka radiation and a Bruker® "High Star" two dimensional
detector. The diffraction patterns of a series of single layer Spectra® cloth sintered under
different processing conditions were collected. The cloth was oriented "flat-on" so that
the incident X-ray beam was perpendicular to the cloth and the weft or warp yarn was
aligned parallel to the horizon. A radiation time of 300 seconds was used and diffraction
patterns were captured digitally. The integration of the intensity was preformed using
GADDS commercial software.
48
3.2.5 Measurement of impact properties by puncture test
Impact tests were performed using a dynatup® 8250 with the pneumatically
powered shooting dart mode of puncture test since the consolidated Spectra® cloths are
rather strong. The dart weighs 2.38kg and is pneumatically assisted by house nitrogen.
The dart speed at penetration into the specimen was approximately 10 m/s. The
specimens were 100mm x 150mm consolidated single layer Spectra® cloth 903 sheets
which had experienced different processing conditions. Each specimen was secured on
the sample stage by pneumatic clamps, the dart was then fired perpendicular to the
surface of the specimen, and the cloth was punctured. The instrument recorded the load
detected on the dart tip and the deflection of the specimen as soon as the shooting dart
touched the specimen until total penetration. The total energy of impact was calculated
from the integrated area under the load vs. deflection curve.
3.3 Results and Discussion
3.3.1 Overall and original crystallinity
There is a certain amount of fiber melting associated with the high-temperature
high-pressure sintering process and the processing temperature plays a major role in
determining the extent of the melting. A small amount of surface melting is needed to
bond the fibers and cloth to develop the lateral strength of the structure. Excessive
melting destroys the original highly oriented crystals and forms less oriented crystals that
offer much less in the longitudinal strength of the structure. The goal was to find the
proper sintering temperature at which a compromise between longitudinal and lateral
strength was achieved. Single layer cloth specimens were sintered at temperatures
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between 148°C and 160°C, while the processing pressure and time were kept constant at
7.6MPa and 30 minutes, respectively. The specimens show two melting endotherms in
their DSC thermographs after sintering (Figure 3.1). The higher temperature peak at
150°C corresponds to the melting of the original highly oriented crystals and the lower
temperature peak at 135°C corresponds to the melting of newly formed crystals from the
melt upon cooling. They are less oriented and melt at a lower temperature. With
increasing sintering temperatures, the higher temperature peak area decreases and the
lower temperature peak area increases, indicating the gradual loss of the highly oriented
crystals, accompanied by the gradual increase in the formation of unoriented crystals.
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Figure 3.1
(1) sintered at 160C
(2) sintered at 156C
(3) sintered at 154C
(4) sintered at 152C
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(6) sintered at 148C
50
Temperature (°C)
200
Universal V2 5H TA
DSC trace overlay for single layer Spectra® cloth 903 sintered under 7.6MPa
for 30 minutes at different temperatures
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In theory, a 100% polyethylene crystal has a melting enthalpy of 293.6J/g. 61 '62
The melting enthalpy of the consolidated specimens was obtained by integration of the
melting peak area. The degree of crystallinity was calculated according to Equation 3.1.
Melting enthalpy of the specimen
Degree of crystallinity = x j 00o/o ^A)
Melting enthalpy of 100% polyethylene crystal
Since the two melting endotherms overlap, the integration consists of both peak areas.
The calculated crystallinity is the overall crystallinity with contributions from both the
original crystals and the newly formed crystals (Table 3.1 and Figure 3.2). The overall
crystallinity decreases with increasing processing temperature, indicating that not all the
melted crystals are recrystallized on cooling, some are transformed into an amorphous or
an intermediate phase. The physical appearance of the consolidated cloth confirms this
observation (Figure 3.3). The cloths sintered at lower temperatures maintain the visible
weaving pattern and the white color of the original cloth, while those sintered at higher
temperatures have almost no visible weaving patterns and became translucent. The
overall crystallinity remains up to a processing temperature of 152°C, suggesting that
high crystallinity is maintained after sintering at this temperature due to the large lateral
pressure constraining the fiber and raising its melting temperature. The crystallinity for
the specimen sintered at 148°C is higher than that of the original cloth due to pressure
induced crystallization. At higher temperatures the increased melting of the crystals
overcomes the effect of pressure induced crystallization and results in the net decrease of
overall crystallinity.
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Table 3.1 Overall crystallinity of the as-received and consolidated Spectra® cloth 903
sintered under 7.6MPa for 30 minutes at different sintering temperatures
Specimen as-received 148°C 150°C 152°C 154°C 156°C 160°C
Enthalpy (J/g) 279.5 286.3 278.4 265.9 246.9 186.6 165.2
Crystallinity 95.2% 97.5% 94.8% 90.6% 84.1% 63.6% 56.3%
100%
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Figure 3.2 Overall crystallinity of the as-received and consolidated Spectra® cloth 903
sintered under 7.6MPa for 30 minutes at different sintering temperatures
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Figure 3.3 Picture of single layer Spectra® cloth 903 sintered under 7.6MPa for 30
minutes at different sintering temperatures
The two overlapping melting peaks can be mathematically deconvolved and
integrated separately to give the melting enthalpy for the two crystals: the original highly
oriented crystals and the newly formed less oriented crystals. The amount of retained
original crystals, referred to as "original crystallinity", was calculated (Table 3.2 and
Figure 3.4). There is an increase loss of the original crystals with increased processing
temperature and at 160°C nearly all the original crystals are destroyed. About 13% of the
original crystals melt at the normal melting point of the material (150°C), showing that
constraint deferred the crystal melting.
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Table 3.2 Changes in crystallinity corresponding to the original crystals for single layer
Spectra® cloth 903 sintered under 7.6MPa for 30 minutes at different sintering
temperatures
Specimen 1 48°C 1 50°C 1 52°C 1 54°C 1 56°C 1 60°C
Retained 92.0% 86.8% 76.9% 56.1% 5.8% 2.8%
Melted 8.0% 13.2% 23.1% 43.9% 94.2% 97.2%
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Figure 3.4 Changes in crystallinity corresponding to the original crystals for consolidated
Spectra® cloth 903 sintered under 7.6MPa for 30 minutes at different sintering
temperatures
High crystallinity is essential to the outstanding mechanical properties of Spectra
l,K)
fiber 900. It has to be preserved as much as possible to achieve the high performance of
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the sintered products. DSC suggests that the temperature range of 150°C - 152°C would
be an ideal processing temperature; at these temperatures a minimum of 13% of the
original crystals are melted and a 95% overall crystallinity is maintained after
consolidation. The melted phase is sufficient to serve as the bonding mechanism to hold
the consolidated structure together upon cooling and recrystallization.
3.3.2 WAXD patterns and Hermans orientation function
In the high-temperature high-pressure sintering, the molecules tend to relax
towards their preferential random coil conformation at high temperatures even though
they are under substantial constraint. The outcome is the loss of crystalline and chain
orientation, resulting in a decrease of longitudinal strength. WAXD patterns for
consolidated single layer Spectra® cloths sintered at different temperatures under constant
pressure and time of 7.6MPa and 30 minutes are compared (Figure 3.5). Specimens
sintered at lower temperatures, up to 1 50°C, have diffraction patterns similar to those of
the as-received cloth, suggesting that high orientation is preserved even after the
specimens experienced near-melting temperatures due to effective constraint. As the
sintering temperature increases, the diffraction pattern of the consolidated cloth
undergoes a series of changes. The spot-like diffraction pattern becomes arcs, the arcs
broaden, and distinct diffraction rings eventually emerge due to the loss of molecular
orientation.
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Figure 3.5 WAXD patterns for the as-received Spectra® cloth and Spectra
1
* cloth
consolidated under 7.6MPa for 30 minutes at different processing temperatures
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The degree of orientation was calculated using Hermans orientation function for
single layer Spectra® cloths consolidated at different temperatures (Table 3.3 and Figure
3.6). As the sintering temperature increases, degree of orientation decreases due to
melting of the crystalline regions and relaxation of the polymer molecules to the
entropically favorable random coil conformation. The Spectra® cloth maintains a
relatively high orientation up to 1 52°C, beyond that temperature, the decrease in
orientation is rather significant. Specimens sintered at 148°C have a higher degree of
orientation than the original cloth due to pressure induced crystallization forcing the
molecules to adopt a more oriented conformation in order to be incorporated into the
crystal lattice. The studies on orientation changes confirm that the optimal processing
temperature should not be higher than 152°C, above this temperature the properties of the
consolidated structures significantly degrade.
Table 3.3 Hermans orientation function for unidirectional fibers, as-received Spectra
cloth, and Spectra® cloth consolidated under 7.6MPa for 30 minutes at different
processing temperatures
Specimen
Unidirectional
fiber
as-received
cloth
148°C 150°C 152°C 154°C 156°C
Orientation 0.938 0.887 0.911 0.873 0.857 0.760 0.65
1
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Figure 3.6 Degree of orientation calculated using Hermans orientation function for
unidirectional fibers, as-received Spectra® cloth, and Spectra® cloth consolidated under
7.6MPa for 30 minutes at different processing temperatures
3.3.3 Correlation between crystallinity and orientation
High molecular orientation does not necessarily have a parallel relationship with
high crystallinity. In a semicrystalline polymer the overall orientation of the crystalline
domains can be far from perfect even though the polymer chains are nearly perfectly
aligned within a single crystal; these domains can be randomly oriented. Molecular
orientation is generally not correlated with crystallinity. Spectra® fiber has a unique
structure and morphology; the polyethylene chains adopt a dominant extended chain
conformation. The chains are parallel to the fiber axis and form nearly perfect needle-
like crystalline domains (Figure 3. 7).
15 As a result, the molecular orientation has a strong
linear relationship with the degree of crystallinity (Table 3.4). If the values of Hermans
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orientation function are plotted against the degree of crystallinity for the specimens
processed at different temperatures, almost all the data points lay on a straight line
(Figure 3.8). The greater the crystallinity, the higher the Hermans orientation function.
Table 3.4 Degree of crystallinity and Hermans orientation function of the as-received
Spectra® cloth and Spectra® cloth consolidated under 7.6MPa for 30 minutes at different
processing temperatures
Specimen as-received 148°C 150°C 152°C 154°C 156°C
Crystallinity
Orientation
95.2%
0.887
97.5%
0.911
94.8%
0.873
90.6%
0.857
84.1%
0.760
63.6%
0.658
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Figure 3.8 Linear correlation between the degree of crystallinity and Hermans orientation
function
If the line is extrapolated to zero crystallinity, orientation has a value of 0.171
.
Fu 6 et al. concluded in their studies that there are three different phases in the Spectra®
fiber structure: a crystalline phase, an amorphous phase and an intermediate phase. The
crystalline phase consists of orthorhombic crystals and monoclinic crystals and they
make up -75% and -10% of the total fiber, respectively. The amorphous phase counts
for -5% of the fiber and the remaining -10% is the so-called intermediate phase. The
intermediate phase is made of polyethylene chains that adopt trans conformation and
orient preferentially parallel to the fiber axis. The axial distance between the layers of
neighboring carbon atoms in the intermediate phase is similar to that in the crystalline
domain except the lateral packing is not as perfect and ordered as within the crystals.
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The mobility of the chains in the intermediate phase is one order of magnitude higher
than and one order of magnitude lower than the crystalline and amorphous phase,
respectively. Based on Fu's model, the extrapolated orientation at zero crystallinity
comes from the orientation of the intermediate phase.
3.3.4 Normalized to thickness total energy of impact
The total energy of impact, the work done to puncture a consolidated Spectra®
cloth was calculated from the load vs. deflection curve (Figure 3.9). Only the first peak
is considered as the remaining responses are artifacts caused by the bouncing of the dart
in the test. Since the specimen thickness is one of the factors that determine the total
energy, the results were normalized to thickness (NTT). The NTT impact energy was
used as the measure for impact resistance.
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Figure 3.9 Typical Load vs. Deflection curve from an impact test of single layer of
consolidated Spectra® cloth
A series of single-layer samples were produced at different processing
temperatures and times under a constant pressure (7.6MPa) and their impact properties
are compared with the impact properties of the as-received cloth and ultra high molecular
weight polyethylene (UHMWPE) sheet (Table 3.5). An unoriented, isotropic UHMWPE
sheet was obtained by the compression molding ofUHMWPE powder. Two types of
failure were observed: yarns were pushed aside and pulled out by the shooting dart but
not broken, designated as failure mode A\ yarns were broken and specimen was fractured,
designated as failure mode B.
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Table 3.5 NTT total impact energy (KJ/m) and failure mode of Spectra® cloth
consolidated under different processing conditions, as-received Spectra® cloth, and
unoriented UHMWPE sheet
Time
148°C 150°C 152°C 154°C 156°C
as-received
cloth
UHMWPE
sheet
30 minutes 78.1 92.0 13.7 3.2 2.3 16.6 13.3
Failure mode A A B B B A B
20 minutes 63.7 90.7 14.3 5.4 1.1 - _
Failure mode A A B B B m
10 minutes 60.3 76.1 90.6 13.3 1.5
Failure mode A A A B B —
* sintering pressure = 7.6MPa
The as-received cloth has a similar level of impact resistance to the unoriented
material since there is no lateral adhesion between the yarns. The dart could easily pull
out yarns and squeeze past the woven yarns despite the high longitudinal strength of the
individual fiber. Consolidation at high temperature and pressure produces interfiber
adhesion and greatly improves the impact properties of the cloth. In the best scenarios,
the impact resistance is increased by nearly 6 times that of the as-received cloth. The
maximum impact properties are achieved when the Spectra00 cloth is sintered between
1 50°C - 1 52°C depending on the processing time. There is a time-temperature
superposition; as time becomes shorter a slightly higher temperature is needed to produce
a specimen with the same level of impact resistance as the one prepared at longer time
and a lower temperature. The impact property study confirms that the optimal processing
temperature range suggested by the previous DSC and WAXD results is valid. For
63
consolidated cloth, the specimens failed by mode A absorb higher impact energy than the
specimens failed by mode B. The impact results suggest that the fiber strength is
maintained after consolidation and that the adhesion between fibers is good. The
transition from mode A failure to mode B failure agrees with the location of the
obtainable peak impact properties.
If the NTT impact energy is plotted against processing temperature and
processing time (Figure 3. 10), the optimal processing window is obvious. Under a
pressure of 7.6MPa, a single layer of Spectra® cloth 903 sintered at 1 50°C for 20 - 30
minutes, or at 152°C for 10 minutes has the best impact resistance.
Figure 3.10 NTT total impact energy vs. temperature and time for single layer of
consolidated Spectra® cloth 903 under 7.6MPa
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The influence of pressure on the impact resistance was studied. Single layers of
Spectra® cloth were sintered at 1 50°C for 30 minutes, under pressures ranging from
1 .7MPa to 6.9MPa. The NTT impact energy was determined and there is a slight
increase in impact resistance as the pressure is raised from 1.7MPa to 5.2MPa (Figure
3.11). At pressures greater than 5.2MPa, there is virtually no improvement in impact
resistance. Impact resistance is not very sensitive to processing pressure, as opposed to
time and temperature. Pressure is used to provide a constraint on the fibers and prevent
them from shrinking, to eliminate voids, and to consolidate the structure. A minimum
pressure is necessary for sintering but an excessive pressure does not help.
100
1.7 3.5 5.2
Sintering pressure (MPa)
Figure 3.1 1 NTT total impact energy of single layer of consolidated Spectra® cloth 903 at
150°C for 30 minutes under various pressures
65
3.4 Conclusion
Single layers of Spectra® cloth were consolidated under various processing
conditions by high-temperature high-pressure sintering. The resulting products have
largely different physical properties and microstructure. At a given pressure and time,
the extent of melting and recrystallization of the fiber increases with increasing
processing temperature. Since not all of the melted phase recrystallizes on cooling, some
is transformed to the amorphous and intermediate phase, the overall crystallinity
decreases with increasing processing temperature. The original highly oriented crystals
can be preserved if the sintering temperature is lower than 152°C. The relaxation of the
molecular chains occurs at higher temperatures and becomes severe, indicated by the
deceasing Hermans orientation function, with increasing processing temperature. The
phenomenon of pressure induced crystallization happens to some extent as suggested by
both DSC and WAXD. The I Iermans orientation function shows a nearly perfect linear
relationship with the degree of crystallinity due to the unique structure of Spectra® fiber.
The impact resistance of Spectra® cloth is significantly improved after consolidation due
to the development of interfiber adhesion. The processing temperature and time have a
strong influence on the impact properties of the consolidated cloth while the processing
pressure has little effect. The maximum impact properties are obtained when the cloths
are sintered at 150°C - 152°C. The optimal processing windows is determined to be at
1 50°C for 20 - 30 minutes, or 1 52°C for 1 0 minutes under 7.6MPa. Under these
conditions the consolidated cloths have the best impact resistance, indicative of the
successful balance between the loss of longitudinal strength and the development of
lateral strength.
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CHAPTER 4
EVALUATION OF CONSOLIDATED STRUCTURES: PROCESS-STRUCTURE-
PROPERTY RELATIONSHIP
4.1 Introduction
The crystallinity and orientation of the consolidated Spectra® cloth determine the
thermo-mechanical properties of the consolidated structures. They are greatly influenced
by the processing conditions as confirmed by impact resistance observations. In this
chapter, the consolidated Spectra® cloth is physically, thermally, mechanically,
structurally, and morphologically characterized. Various characterization methods are
used including mechanical testing, scanning electron microscopy (SEM), differential
scanning calorimetry (DSC), and wide angle X-ray diffraction (WAXD) in this
investigation.
The density of the sintered multilayer panels was measured to provide
information on how well Spectra® cloth was consolidated under different processing
conditions. The interlayer adhesion for sintered cloth was measured by T-peel test to
characterize the lateral strength of the consolidated structures under different processing
conditions. Flexural properties for multilayer Hat panels sintered under different
processing conditions were evaluated by three-point bend test to quantitatively illustrate
the rigidity and stiffness of the consolidated structures. Ballistic performance of the flat
panels was examined and compared with conventional matrix-containing Spectra®
composites and other high performance fiber composites. The microstructure and
morphology of the sintered cloth was investigated by SEM. Hermans orientation
function was calculated for multilayer consolidated structures from WAXD results.
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Differences between the surface and center layer of the multilayer sintered structure was
probed by DSC and WAXD. The process-structure-property relationship is established to
give an in-depth and better understanding of the high-temperature high-pressure sintering
process for consolidating Spectra® cloth.
4.2 Experimental
4.2.1 Materials
Spectra® cloth 903 is made from Spectra® fiber 900 and was provided by
Honeywell. It is a plain woven cloth with an average thickness of 0.5mm and an areal
density of 0.024g/cm
. The material was sampled and tested in the as-received state
without any further treatments. Spectra® cloth 903 is the material of choice for ballistic
protective hard armor.
4.2.2 Density measurement
The effective consolidation of the Spectra® cloth was determined by comparing
the literature value for the density of the Spectra® fiber with the determined density of the
sintered structures. The weight of a specimen was measured both in air and immersed in
2-Propanol by a precision balance, then the density was calculated using Equation 4.1. 2-
Propanol was used since its density (0.785g/cm3 ) is less than that of Spectra® fiber
(0.97g/cm3 ).
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(4.1)
Where p is the specimen density
ps is the solvent density
w is the specimen weight in air
ws is the specimen weight immersed in solvent
4.2.3 T-peel test
Thermally bonded bilayer Spectra® cloth was prepared by sandwiching a 40mm x
150mm sheet of aluminum foil between two layers of 150mm x 150mm Spectra® cloth
so that the aluminum foil was in line with one side of the cloth. The bilayer was
consolidated by high-temperature high-pressure sintering, the aluminum foil was
removed, and a 40mm wide gap was left with the remaining areas sintered. A series of
bilayers were produced at different processing temperatures under constant pressure and
time (7.6MPa and 30 minutes). Test specimens consisted of rectangular bilayer strips
(12.5mm x 1 50mm) which had two "arms" due to the initial opening. T-peel tests were
conducted on an Instron 5500R according to ASTM standard D1876. The two arms of
the strip were attached to the upper and lower grips, and the crosshead was separated at
the speed of 157mm/min. The peeling load and displacement distance were recorded. T-
peel strength is reported as a measure of interlayer adhesion.
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4.2.4 Three-point bend test
Rectangular bars (100mm x 12.5mm x 3.2mm) prepared from twelve-layer
Spectra® cloth panels consolidated under different processing conditions were used for
three-point bend tests. The test was conducted using an Instron 5500R according to
ASTM standard D790. A support span of 50mm and a crosshead speed of 1.35mm/min
were used. The testing limit of 5% strain was used to ensure reliability of the data and
the flexural modulus is reported as a measure of stiffness.
4.2.5 Ballistic test
Ballistic tests on flat panels of consolidated Spectra® cloth were performed by the
US Army at the Natick Soldier Center, MA. The panels were made from Spectra® cloth
903 according to our processing procedures and conditions and the testing protocol used
was U.S. Military Standard 662F, a modified version ofNATO V50 ballistic test
standard.
63
Multilayer sintered flat panels were shot by several different sized projectiles
and the results were studied using a dimensionless analysis. The V50 ballistic limits are
related to the ratio of the area density of the armor systems to the presented area density
of the projectiles. 64 The results are provided in comparison to composites using the same
Spectra® cloth and a vinyl ester matrix, PBO fiber, and Kevlar® fiber reinforced
composite armor systems.
4.2.6 SEM and sample preparation
Consolidated Spectra® panels were etched according to Olley et al.
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using 7%
w/v potassium permanganate in a mixture of fuming sulfuric acid and phosphoric acid
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mixture (1/2 v/v). Twelve-layer sintered Spectra® cloth panels prepared under different
processing conditions were cut using a diamond knife to expose the cross section and
were etched for one hour. At the end of the etching, the specimens were washed in a
mixture of sulfuric acid and water (2/7 v/v) cooled near to its freezing point with dry ice.
The solution was decanted and the specimens were washed in hydrogen peroxide,
distilled water several times, and acetone for two minutes each. The specimens dried in
air, were sputter-coated with gold, and examined under SEM. Peeled surfaces resulting
from bonded bilayers which underwent the T-peel test were coated with gold and
examined under SEM. JEOL 35CF and FESEM JEOL JSM-6320FXV were used in this
study at magnifications of lOOx, lOOOx, and 1200x.
4.2.7 WAXD of multilayer consolidated Spectra® cloth
Wide angle X-ray diffraction (WAXD) patterns were collected using pin hole
collimated, monochromatic Cu Ka radiation and a Bruker® "High Star" two dimensional
detector. The diffraction patterns of a series of six-layer Spectra® cloth sintered under
different processing conditions were collected. The cloth was oriented "flat-on" so that
the incident X-ray beam was perpendicular to the cloth and the weft or warp yarn was
aligned parallel to the horizon. A radiation time of 300 seconds was used and diffraction
patterns were captured digitally. The integration of the intensity was preformed using
GADDS commercial software.
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4.2.8 Studies on the surface and center layers
Surface and center layers were peeled and separated from the consolidated
twelve-layer of Spectra® cloth prepared under different processing conditions. The
crystallinity of the layers was determined by a TA Instrument DSC 2910 under nitrogen
atmosphere (50 ml/min.). Hermetic pans containing -10 mg samples of the peeled layers
were heated at a rate of 10°C/min. from room temperature to 200°C. The molecular
orientation of the layers was determined by WAXD and the procedure is described in the
previous section.
4.3 Results and Discussion
4.3.1 Density of the multilayer consolidated structure
Twelve layers of Spectra"" cloth were sintered under 17.2MPa for 30 minutes at
various temperatures and densities were calculated according to Equation 4.1 . Figure 4.1
shows that the densities of the panels initially increase with increasing sintering
temperature to a maximum at a sintering temperature of 154°C, and then decrease as the
temperature increases above 1 54°C. Panels sintered at different temperatures have the
densities similar to that of the original fiber (0.97g/cm 3 ), suggesting that multilayer cloths
are well consolidated with few voids; panels sintered at 1 54°C are nearly void-free
(0.969g/cm 3 ). The rise in density with sintering temperature from 1 50°C to 154°C is due
to an increase in fiber lateral deformation which filled interstices. The drop in density
with sintering temperature greater than 1 54°C is attributed to excessive fiber melting.
The original highly oriented, dense crystalline regions of the fibers were destroyed during
melting and the less dense amorphous regions were produced upon cooling. A large
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decrease in crystallinity at a sintering temperature greater than 154°C was shown in the
previous chapter (Section 3.3.1).
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Figure 4.1 Density of multilayer Spectra® cloth panels sintered under 17.2MPa for 30
minutes at various processing temperatures
4.3.2 Interlayer adhesion
Interlayer adhesion facilitates stress transfer between fibers and matrix material,
and provides lateral strength to the composites. The T-peel test is a simple and effective
way to evaluate interface adhesion. T-peel strength is defined as the average peeling load
in force per unit specimen width required to separate the adherends; a typical load vs.
detachment plot is shown in Figure 4.2. The units are the same as separation energy per
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unit area debonded. The fluctuation of data points in Figure 4.2 is due to non-uniform
bonding. Since the surface of a woven cloth is not flat, with the yarns going up and down
alternatively, the best adhesion is achieved when the high points of two cloths contact,
the worst adhesion is suffered when the low points contact. Medium adhesion occurs
when a high point and a low point are in contact.
o
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Figure 4.2 Typical load vs. detachment curve in a T-peel test
T-peel strengths for Spectra cloth bilayers sintered at different processing
temperatures are compared in Table 4. 1 . The peel strength increases monotonically over
the temperature range since higher temperatures results in increased melting and
recrystallization on cooling, hence better bonding. One would anticipate that
consolidation at higher temperatures is required to make a good composite material as the
better adhesion results in better load transfer. However, for laminated materials made for
ballistic purposes, the stronger the adhesion the poorer the ballistic performance.
When a
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high speed projectile hits a target, its kinetic energy needs to be consumed in order to
stop it and delamination between layers and fibers provides a good channel for the
dissipation of energy. Excellent interface adhesion between layers and fibers worsens the
ballistic protection and comes at the expense of the longitudinal strength since more
crystalline melting and orientation loss happens at higher temperatures. It has been
shown that the tensile failure of the fibers during ballistic impact absorbs a large portion
of the kinetic energy,66 therefore the preservation of the fibers' longitudinal strength is of
great importance. A certain level of adhesive strength is desired to bond the material but
excessive adhesion should be avoided.
Table 4.1 T-peel strength of two layers of Spectra® cloth 903 bonded under 7.6MPa for
30 minutes at different temperatures
Sintering Temperature 148°C 150°C 152°C 154°C 156°C
T-Peel Strength (N/cm) 1.7 2.0 3.5 11.4 13.3
Peeled surfaces were examined under SEM (Figure 4.3) for the specimens
sintered at different processing temperatures. At sintering temperatures between 148°C -
1 50°C, there is little adhesion between the bonded layers and few residues or
detachments are left on the peeled surfaces. Individual fibers in the cloth are visible with
no signs of fiber disturbance or lift, suggesting that the adhesion is only from the strength
of the recrystallized thin layers between fibers. Adhesion becomes stronger at
temperatures between 152°C - 156°C as indicated by the severe fibrillation resulted from
peeling. Individual fibers are smeared out and not discernible.
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Figure 4.3 SEM images of peeled surfaces for specimens sintered under 7.6MPa for 30
minutes at different processing temperatures
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4.3.3 Flexural properties
Flexural properties were measured by three-point bend tests to characterize the
rigidity and stiffness of the materials. No specimens exhibited any failure or yield within
the 5% strain limit set by ASTM D790, so no ultimate strength or yield strength is
reported. At a much higher strain than 5%, the specimens sintered at lower temperatures
showed delamination between the layers while the specimens sintered at higher
temperatures showed no visible damage. Flexural modulus (Table 4.2 and Figure 4.4)
was calculated by initial slope method according to Equation 4.2:
F _ sL
3
'
4W, 3 (4-2)
where E is the tangent modulus of elasticity
s is the initial slope of the load-deflection curve
L is the support span
w is the specimen width
/ is the specimen thickness
Table 4.2 Flexural modulus (GPa) of twelve layers of Spectra cloth 903 sintered at
different processing conditions and unoriented UHMWPE panel
Processing condition 150°C 152°C 154°C 156°C 160°C UHMWPE
30 minutes 3.33 4.52 5.18 4.31 0.80 0.74
45 minutes 3.57 5.23 4.24 3.27 0.81 M
60 minutes 4.87 5.98 4.45 1.95 0.78
* Sintering pressure = 17.2MPa
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Figure 4.4 Flexural modulus of twelve layers of Spectra® cloth 903 sintered at different
processing conditions (sintering pressure = 17.2MPa) and unoriented UHMWPE panel
The flexural modulus increases with increasing sintering temperature to 152°C
and decreases with increasing sintering temperatures above 154°C. For all different
sintering times, the flexural modulus is maximized for the specimens consolidated at
152°C or 154°C. Spectra® cloth panels sintered at 160°C have a measured flexural
modulus similar to that of unoriented UHMWPE. The loss in rigidity is the result of the
loss of crystallinity and molecular orientation due to excessive melting at the processing
temperature of 160°C.
Consolidated multilayer Spectra® cloth panels are very stiff and rigid. Strain
wave propagation speed is proportional to the square root of the ratio of the material
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modulus and density ( Je[~p ). 1
5
The high modulus and low density of Spectra® material
allows for fast wave propagation; the impact energy generated by a projectile can spread
quickly and more material will be involved in the energy dissipation process. If a bullet
hits an isotropic target material, the shock wave caused by impact travels in all directions
at the same speed. A fiber reinforced armor system is highly anisotropic; the modulus in
plane is much higher than the modulus through the thickness. A large ^E/p value
means the impact energy can spread quickly in the plane rather than through the thickness
which is very good for ballistic protection.
In comparison to the tensile modulus 70GPa for the original Spectra® fiber 900,
the measured flexural modulus seems low. The flexural modulus is limited by the 0790°
weave of the cloth, since the fibers perpendicular to the specimens long direction do not
significantly contribute to their rigidity based on the test geometry. Also, fibers in the
cloth are not straight but nearly sinusoidal, there are voids in the specimens, and the
partial melting of the fibers degrade their properties.
4.3.4 Ballistic performance
Ballistic tests were performed using the V50 standard test: V50 ballistic limit is the
velocity at which the probability of penetration of an armor material is 50 percent. V50
ballistic limits of matrix free Spectra® fiber composite, Spectra® fiber and vinyl ester
matrix composites and plain woven Spectra® cloth against different projectiles are
compared in Table 4.3. Matrix free Spectra® fiber composite was made by consolidation
of 62 layers of Spectra® cloth according to our procedures, designated as "62-ply no
resin". Four Spectra® fiber/vinyl ester composites were also tested, designated as "66-ply
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composite", "61
-ply composite", "44-ply composite", and "41
-ply composite". In
addition, 62 layers of Spectra® plain woven cloth (base fabric) were stacked without any
processing and used as a test specimen, designated as "62-ply fabric". The projectiles
were right circular cylinders and differed by their weights in the units of "grain" (1 grain
= 64.799 milligrams). As expected, the composites do not perform as well as the base
fabric at lower areal densities and against heavy projectiles due to fiber property
degradation during processing and the high rigidity of the panels. At higher areal
densities and against low-mass projectiles the results are reversed since the introduction
of interfiber and interlayer adhesion hinders the penetration of the small projectiles.
Table 4.3 V50 ballistic limits of matrix free Spectra® composite, Spectra® fiber/vinyl ester
matrix composites, and Spectra® cloth against different sized projectiles
V50 (m/s) 62-ply 66-ply 61
-ply 44-ply 41
-ply 62-ply
Projectile no resin composite composite composite composite fabric
2 grain 1099.0 1098.8 851.5 884.5 809.2
4 grain 761.0 m 753.6
16 grain 694.0 549.0 568.3 639.3
64 grain 457.3 541.3
* 62-ply no resin - matrix free Spectra^
1
fiber composite made of 62 layers of Spectra lH cloth
66-ply, 61 -ply, 44-ply and 41 ply composites - Spectra® fiber/vinyl ester composites
62-ply fabric - stacked 62 layers of Spectra® cloth
In Figure 4.5, the ordinate is V50 velocity and the abscissa is the ratio of the
presented areal density of the armor system to the areal density of the projectile. Aj
refers to the area density of the specimen, Ap is the presented area density of the
projectile, and m p is the projectile's mass. The filled symbols correspond to the
matrix
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free Spectra cloth composites and the unfilled symbols correspond to the composites
using Spectra* cloth with the vinyl ester matrix. All the data are plotted using
appropriate symbols representing different projectiles. RCC stands for right circular
cylinder type projectile. Also, plotted in the figure are today's state of the art Kevlar"
KM2 (PVB-Phenolic) armor performance and the expected PBO composite armor
performance, the best armor system that the Army can offer to date. 1 ligher V50 values al
a given areal density level indicate higher ballistic resistance. Matrix free Spectra®
composites perform as well as, or slightly better than the system containing matrix, and
belter than the Kevlar'" system at the same areal density level. Matrix lice Spectra'
composites are lighter in weight than the Spectra
0'1
and matrix or the Kevlar*
1
system due
to the elimination of the matrix and the low density of the fiber. Also the manufacturing
process is simpler for the matrix lice Spectra® composites than for the other two systems.
Ballistic test results confirm that matrix free Spectra® fiber reinforced composite made by
high-temperature high-pressure sintering is a promising candidate for high performance
light weight body armor and helmets.
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Figure 4.5 Ballistic performance of the multilayer consolidated Spectra
00
cloth compared
with other composites (from the US Army)
4.3.5 Morphology and sintering mechanism
SEM images at low magnification reveal the cross section of twelve layers
consolidated Spectra® cloth (Figure 4.6). Bright regions correspond to fibers
perpendicular to the plane of the page and dark regions correspond to fibers parallel to
the plane of the page. Overall the multilayer cloths are well consolidated, although some
crevices and voids can be seen due to knife damage or etching. The voids mostly appear
at the junction regions between the warp and weft yarns, which indicate weak adhesion in
these regions. The junction regions are more susceptible to knife damage and etching
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reagent. There are fewer visible voids with increasing sintering temperature of the
multilayer cloths.
temperatures
The cross sections of individual fibers can be seen under high magnification
(Figure 4.7); the topology is quite different for the specimens sintered at lower and higher
temperatures as a result of the etching process prior to investigation. The etchant
removes the density deficient regions: the amorphous regions and the recrystallized
phases, but not the original highly oriented crystals. Melting and recrystallization that
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produces the less dense phases increases at higher processing temperatures at the fiber
surface and core. Hill and valley like features are present in the cross section of the
samples processed at lower temperatures. In addition, numerous conical pits are seen
inside individual fibers since there are longitudinal density deficient region within
Spectra® fiber. On the contrary, relatively smooth surfaces are seen in the samples
processed at higher temperatures as a result of uniform etching.
154°C 156°C
Figure 4.7 High magnification SEM images showing the cross sections of multilayer
Spectra® cloth sintered under 17.2MPa for 30 minutes at different processing
temperatures
Figure 4.8 shows SEM images of the boundary between two orthogonal yarns. In
the transverse direction, there is no significant fiber melting to fill the voids. Instead, the
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voids are filled by fiber deformation and impingement; there are signs of local welding at
the boundary. The consolidation mechanism of fiber lateral deformation to fill voids and
spot welding by the recrystallization of melted fiber surfaces is confirmed by SEM
images and schematized in Figure 4.8.
Figure 4.8 SEM images of the boundary between two orthogonal yarns in a multilayer
consolidated Spectra* cloth and schematic of consolidation mechanism
4.3.6 Molecular orientation
The molecular orientation within multilayer consolidated Spectra® cloth was
examined by WAXD. Due to the limited penetration of X-ray, six layers of Spectra®
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cloth were sintered at different processing temperatures and tested and the Hermans
orientation function was calculated (Figure 4.9). Multilayer cloth specimens seem to
maintain higher molecular orientation compared to single layer cloth sintered at the same
temperature since the same molding time was used on both single layer and multilayer
samples. The multilayer samples suffer less melting and chain relaxation since more
material experiences the same amount of heat flow as the single layer samples. The low
thermal conductivity of polyethylene may have reduced the time that multilayer samples
experience the actual processing temperature. Also the multilayer samples are thick and
more efficiently constrained under pressure as opposed to the thinner single layer cloth
and as a result, have a higher degree of orientation even after sintering at high
temperatures. Multilayer sintered material is not as highly oriented as the
unidirectionally aligned fibers (0.938). The maximum orientation is obtained for the
specimen consolidated at 154°C. The initial increase in Hermans orientation function at
sintering temperature below 1 54°C is due to pressure induced crystallization, as
described previously (Section 3.3.2).
86
1.0
1
09
c3
C
o
CD
c 0.8
CD
e
CD
E
X 07
06
A 0.938
0.911
0.887 0 895
#0.873
• Single layer
6 layer
0.904 0.912
0.857
0.760
0.853
0.65
150CUnidirectional as-received 148C
fibers
Sintering Temperature
152C 154C 156C
Figure 4.9 Hermans orientation function for single and six layer Spectra® cloth sintered
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4.3.7 Comparison of the surface and center layers
In a multilayer consolidated Spectra® cloth panel, the surface layer and the inside
layer may be differ due to different thermal histories experienced during heating and
cooling cycles. In order to probe the possible difference, the surface and center layers
were separated from twelve-layer Spectra® cloth panels consolidated at different
processing temperatures. The crystallinity and molecular orientation of each layer were
determined since these two parameters are the determining factors for other material
properties.
DSC trace overlays for the surface layers and for the center layers of panels
sintered at different processing temperatures are shown in Figure 4.10 and 4.1 1,
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respectively. The melting enthalpy for each specimen is listed on the figures. The
melting and recrystallization increases with increasing sintering temperature, as seen
previously for single layer consolidated cloth. The extent of the change in melting and
recrystallization is not as dramatic as the single layer consolidated cloth since the twelve-
layer samples had the same sintering time as the single layer samples. As more material
is involved, less melting happens at the same temperature.
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Figure 4.10 DSC trace overlay for the surface layers from twelve-layer Spectra® cloth
panels sintered under 17.2MPa for 30 minutes at different processing temperatures
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Figure 4. 1 1 DSC trace overlay for the center layers from twelve-layer Spectra® cloth
panels sintered under 17.2MPa for 30 minutes at different processing temperatures
The overall crystallinity for each surface and center layer was calculated as
previously described (Section 3.3.1) in Table 4.4. There is a slight decrease in
crystallinity with increasing sintering temperature for both the surface and center layers.
At a given sintering temperature, the surface and center layers have approximately the
same degree of crystallinity, suggesting that the multilayer cloth reached a uniform
temperature throughout the entire sample during the 30 minute sintering time. Heat
transfer needs time; although the surface layers were heated first at the beginning of the
sintering process, they were also cooled first during quenching. The surface layer and
center experienced the true sintering temperature for approximately the same amount of
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time. The effects of the sintering time and quenching cancel each other out and result in
a similar degree of crystallinity in the surface and center layers.
Table 4.4 Overall crystallinity for the surface and center layers from twelve-layer
Spectra® cloth panels sintered under 17.2MPa for 30 minutes at different processi
temperatures
Specimen 150°C 152°C 154°C 156°C
Surface layer 89.3% 85.9% 86.2% 81.8%
Center layer 88.7% 87.9% 87.0% 8 1 .4%
Hermans orientation function for the surface and center layers was calculated
from WAXD (Table 4.5 and Figure 4.12). As sintering temperature increases, both the
surface and center layers maintain a constant level of molecular orientation and do not
show a large decrease in orientation with increasing processing temperature as the
consolidated single layers. Since the molding time was the same for both single layer and
multilayer samples, multilayer samples experienced less chain relaxation, less time at the
actual processing temperatures, and more efficient constraint, as previously described.
The processing pressures were different for the single layer and multilayer samples at
7.6MPa and 17.2MPa, respectively. Greater pressure would provide better constraint and
prevent chain randomization. At any given sintering temperature, the surface layer has
almost the same orientation as the center layer, in agreement with the DSC results. Since
crystallinity and orientation dictate the mechanical properties of Spectra® fiber, it may be
concluded that multilayer consolidated structures have uniform thermo-mechanical
properties throughout their layers when sintered under any given processing conditions.
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Table 4.5 Hermans orientation function for the surface and center layers from twelve-
layer Spectra cloth panels sintered under 1 7.2MPa for 30 minutes at different processing
temperatures fc
Specimen 150°C 152°C 154°C 156°C
Surface layer 0.878 0.870 0.868 0.866
Center layer 0.883 0.873 0.871 0.872
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Figure 4.12 Hermans orientation function for the surface and center layers from twelve-
ayer Spectra® cloth panels sintered under 1 7.2MPa for 30 minutes at different processing
temperatures
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4.4 Conclusion
The mechanical properties of multilayer consolidated Spectra® cloths were
studied. Interlayer adhesion increases with increasing sintering temperature although
medium adhesion may be sufficient for ballistic application. The multilayer cloth panels
are very stiff and strong, and their flexural properties achieve maxima between 152°C -
154°C. The specimens did not fail three-point bed test within 5% strain limit, however
samples sintered at low temperature exhibited shear failure at higher strains indicated by
delamination, agreeing with results from T-peel tests indicating low interlayer adhesion.
Ballistic performance for sintered multilayer thick panels shows that they are as good as
the Spectra® fiber/matrix system and better than Kevlar® system at the same density
level. Matrix free Spectra® fiber reinforced composites is very promising for making
ballistic shields. The microstructure and morphology of multilayer consolidated Spectra®
cloth was investigated and the cross section of the sintered structures shows good
consolidation with few voids. Selective etching of the consolidated structures reveals
that more melting and recrystallization, accompanied by chain relaxation leading to less
oriented and dense regions, happen significantly at higher processing temperatures. SEM
studies also prove that the consolidation occurs by fiber lateral deformation to fill voids
and that fiber surface melting and recrystallization fuses the fibers together. Multilayer
consolidated Spectra® cloth shows very high molecular orientation even after sintering at
high processing temperatures due to less relaxation and more efficient constraint.
Finally, the surface and center layers of consolidated Spectra® cloth have similar
crystallinity and orientation at given sintering conditions which suggest that the layers
have similar structure and properties. Based on these comprehensive studies, a better
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understanding is established regarding the process-structure-property relationship for
making matrix free Spectra® fiber reinforced composites using this high-temperature
high-pressure sintering process.
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CHAPTER 5
THERMOFORMING OF SPECTRA® CLOTH AND THE PROPERTIES OF
HEMISPHERICAL DOME STRUCTURES
5.1 Introduction
It was demonstrated that the high-temperature high-pressure sintering process
could successfully consolidate plain Spectra® woven cloth without using any fiber pre-
treatment or additional matrix. The optimal processing conditions were determined and
the resulting matrix free composite is a high strength and high impact resistance material.
For practical applications this material has to be capable of being formed into shapes
having double curvatures. This chapter describes the thermoforming process of Spectra®
cloth using a simple hemispherical mold. The design features of the mold are discussed
and different molding sequences and procedures are illustrated to show the versatility in
manufacturing. The theoretical background for the thermoformability is explained in
terms of molecular interaction, microstructure, and morphology. Selective thermo-
mechanical properties of the molded structures are measured to show that the idea of
using Spectra® cloth to make ballistic shields is indeed feasible and promising.
5.2 Experimental
5.2.1 Materials
Spectra® cloth 903 is made from Spectra® fiber 900 and was provided by
Honeywell. It is a plain woven cloth with an average thickness of 0.5mm and an areal
density of 0.024g/cm2 . The material was sampled and tested in the as-received state
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without any further treatments. Spectra® cloth 903 is the material of choice for ballistic
protective hard armor.
5.2.2 Mold design
A two-piece mold containing a male and female part was created (Figure 5.1) to
thermoform objects with double curvatures from Spectra® cloth. The male part is a
hemispherical punch and female is a hemispherical socket. The two hemispheres have
different diameters so that there is a gap when they are closed together. The gap defines
the thickness of the products; using different sized punches could vary the dome
thickness. An important design feature is the use of a blank holder, a washer shaped plate
on top of the female part, which can be fastened onto the female part using 12 bolts. The
cloth is placed between the holder and the female part and bolted tightly to create a
constraint against fiber shrinkage during heating, and to facilitate stretching of the fibers
and cloth during mold closure. The surface of the punch and socket are polished to give
the product a smooth finish.
Punch
Blank holder
Spectra" cloth
Figure 5.1 The design of the hemispherical mold
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5.2.3 Molding schemes
Spectra® fiber is a thermoplastic polyethylene. An advantage of thermoplastics
their ability to be repeatedly heated, softened, and shaped provided the temperatures are
not too high. In the previous sections we have demonstrated that in the optimum
processing window, the fiber can be deformed without loss of orientation or crystallinity.
Different shaping and molding schemes were proposed and used:
• Consolidate layers of Spectra® cloth to a thick flat panel, clamp the panel onto the
mold, and apply heat and pressure to develop the shape
• Consolidate each layer of Spectra® cloth individually to make flat sheets, lay the
consolidated sheets one on top of another and clamp them onto the mold, and
apply heat and pressure to shape
• Shape individual layers of Spectra® cloth using the mold, stack the shaped layers
one on top of another, and sinter them in the mold
• Consolidate and shape layers of Spectra® cloth directly in the mold to form the
structure
In each approach the total time for the Spectra® cloth to experience heat and pressure was
30 minutes. The time for consolidating and/or shaping the cloth in the first stage was
combined with the time for molding or sintering in the second stage for the first three
methods. There is no need to use any type of mold release agent, since polyethylene is
self-lubricating and does not stick to the steel mold.
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5.2.4 Typical procedures
A typical sequence is illustrated by the set of pictures using the "flat panel firsr
router as an example in Figure 5.2. A pre-consolidated Oat panel, which consisted of 25
layers of cloth, was drilled and bolted tightly between the blank holder and the socket die.
Meanwhile, the press was heated to the desired sintering temperature, for example 1 50°C.
The punch was placed on top of the panel and carefully aligned in the press. A small
initial force was applied to secure the position of the mold. Once the mold and the cloth
reached the desired sintering temperature (about 10 minutes) the force was gradually
increased up to 10 tons over a 5-minute period. The cloth conformed fully to the
hemispherical shape of the mold and after 5 minutes was consolidated. The mold
assembly was rapidly cooled to ambient temperature, by running tap water through the
press's platens, while maintaining pressure. The hemispherical dome could be easily
removed after pressure was released and the blank holder was lifted away.
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Figure 5.2 Typical molding procedures using a twenty-five layer consolidated Spectra
cloth flat panel
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5.2.5 Property measurements
The typical dimensions of the hemispherical dome were averaged over several
domes, which were cut into half using a band saw. To check thermal dimensional
stability, the half domes were placed in a preheated oven set to various temperatures for
30 minutes, cooled to room temperature, and the dimensions were measured and
compared to the original value. Compressive properties of the domes were evaluated
using an Instron 5500R at a crosshead speed of lmm/min. Since the stretching of the
fibers may change their structure and morphology and the draw ratios are different for
different positions in the dome, it was thought that the final properties might vary as a
function of position. Specimens were sampled from the top and edge of a dome of a
shaped and consolidated single layer cloth. Specimens were studied using DSC at a low
heating rate in order to decipher possible changes in the crystalline structure; DSC results
are used to indicate the effects of shaping on the mechanical properties.
5.3 Results and Discussion
5.3.1 Thermoformability
Spectra® fiber does not stretch significantly at room temperature with only about a
4% strain at break. At elevated temperatures, Spectra® fiber is quite "rubbery" and
stretchy. Spectra® fiber has the unique extended chain morphology with minimum chain
folds and entanglements (Figure 3.7). The polymer is chemically nonpolar and there are
no strong secondary forces between molecules, and no strong intermolecular interactions.
At higher temperatures, when chain mobility increases, the molecules slide pass each
other relatively easily under a large load. Shown on the macroscopic scale, Spectra®
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fiber can accommodate high deformation such as those produced in the formation of a
hemispherical structure without failing.
Spectra® fiber pressurized at an elevated temperature induces a polyethylene
crystal transformation, an orthorhombic phase to hexagonal phase transition (o-h
transition) as reported by many researchers.68
"70
The pressure and temperature at which
the transition occurs depends on the crystal dimension, viz., fold length. 71 Hexagonal
crystals possess a relatively low viscosity compared to orthorhombic crystals and chain
mobility is rather high in this so-called "mobile phase". Due to the o-h transition at high
pressure and temperature, Spectra® fiber is capable of undergoing large axial strains with
relative ease via this metastable, transient hexagonal phase.
Due to its excellent thermoformability, all the aforementioned molding schemes
work well with Spectra® cloth to produce stiff and strong solid domes, indicating the
versatility in manufacturing schemes.
5.3.2 Dome dimensions and thermal dimensional stability
The dimensions of the domes were measured and a typical set of values measured
on different positions of the dome is shown (Figure 5.3). The thickness of the dome is
not uniform since the center section of the dome underwent increased stretching. The
dome thickness decreases gradually from 4.05mm at the periphery to 2.85mm at the top,
roughly 30% reduction. The variation of the thickness is symmetric with respect to the
center of the dome. A uniform dome thickness can be achieved by adding compensating
layers to the top area during molding.
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Outer diameter R = 70.7mm Thickness A = 4.05mm C = 4.05
Inner diameter r = 62.6mm B = 2.85mm
Figure 5.3 Dimension and thickness of the dome
The dome halves were annealed in a precision oven at different temperatures
starting from 1 50°C. At the end of the annealing, their dimensions were checked and the
dimensions of the domes did not change much compared with the original dimension
values. The domes have good thermal dimensional stability even after annealing at
temperatures as high as 1 56°C and they had become soft. Based on the previous TMA
and DSC studies (Section 2.3.3 and 3.3.1, respectively), it was expected that the dome
size would change because of the development of a large shrinkage force and the partial
melting at higher temperatures. It is possible that the annealing time was not long enough
to allow for heat conduction. Relaxation of the molecular chains may require a longer
time scale, or the structural stability of the dome geometry and the sufficient interlay
adhesion maintain the shape.
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5.3.3 Compressive properties
Compression tests on shaped hemispherical domes were performed by
compressing the dome between two parallel metal plates. As the plates closed, the dome
top was flattened, the flat area grew gradually, and at the end of the test the specimen was
nearly flat. Dilatation of the dome diameter was not observed. Extensive delamination
and buckling occurred in the dome region due to shear and compressive force. As the
flattened area increased continuously during the test and the dome is non-uniform in
thickness, it is difficult to define mathematically and calculate the stress and strain. The
compressive modulus and strength are not available. The dome exhibits a yielding point
under compression and the yield load is approximately 1 .68kN. The total work done
during the test is approximately 16.4J (Figure 5.4); the dome is very strong and rigid.
The flattened dome can be re-shaped in the mold to maintain rather high stiffness and the
cycle can be repeated.
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Figure 5.4 Compressive properties of the dome
5.3.4 DSC studies of dome top and edge
DSC trace for the dome top and edge exhibits two melting endotherms for each
sample (Figure 5.5). The large endotherm at 144°C corresponds to the melting of the
orthorhombic crystals and the shoulder at 151°C is related to the melting of the
hexagonal crystals. 58 The hexagonal phase is induced by constrained ultradrawing 58 '68 or
• 7 1 72
high pressure annealing ' as described in the literature. Although there is little
difference in overall crystallinity, the size of the endotherm at 151°C is clearly different
for two samples. The dome edge appears to have more hexagonal crystal phase than the
dome top. According to research by Garcia-Leiner73 , the presence of the hexagonal
phase is the result of a crystalline transition of the internally constrained orthorhombic
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crystals. Internally constrained orthorhombic crystals are formed between the existing
lamellae or as extended single chains via strain induced crystallization under pressure.
They tend to transform to the "mobile" hexagonal phase during heating so that the stress
can be relaxed. These constrained crystals undergo an o-h transition route during process
of melting. It was also found that the development of the constrained crystals destroys
the integrity of the original crystals and results in deterioration of the tensile properties.
The DSC studies suggest that the mechanical properties of the dome at different posit
may differ due to the difference in draw ratio and exerted pressure.
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Figure 5.5 DSC trace overlay for samples taken from the top and edge regions of the
dome
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5.4 Conclusion
A two-piece hemispherical mold was designed to thermoform Spectra® cloth.
Spectra® cloth was successfully molded to form a doubly curved structure using different
shaping schemes. The exceptional thermoformability of Spectra® cloth is due to the
unique microstructure and physical properties of the fiber as well as solid state crystal
transformations during processing. Ballistic shields using Spectra® cloth and no matrix
or cutting patterns has been proven to be possible. The dome-like products have non-
uniform wall thickness due to different stretching ratios across the structure which can be
corrected. The domes have good thermal dimensional stability even at 156°C and
compressive properties of the domes are good. DSC studies of the dome reveal the o-h
crystalline transition and imply that the mechanical properties of the dome at different
positions may vary due to the spatial variation of degree of crystallinity and crystal type
throughout the dome.
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CHAPTER 6
STUDIES ON DYNEEMA FRAGLIGHT® NONWOVEN FELT AND SPECTRA
SHIELD® PLUS PCR PREPREG
6.1 Introduction
Matrix free Spectra® fiber reinforced composite made of Spectra® cloth 903 via
high-temperature high-pressure sintering has been shown to be a promising approach to
produce materials for ballistic shields. Various properties of the consolidated structures
were analyzed and characterized and the optimal processing conditions were determined
through the investigation of process-structure-property relationship. To complete the
study, Dyneema Fraglight® nonwoven felt and Spectra Shield® Plus PCR74 prepreg,
commercially available materials designed specifically for ballistic applications, were
chosen for parallel comparisons. The high-temperature high-pressure sintering process
was applied, and the physical, thermo-mechanical and microstructural properties of the
consolidated products were determined and compared to those of the sintered Spectra®
cloth 903. It is concluded that matrix free Spectra® fiber reinforced composite has
dominant advantages over the other two materials.
6.2 Experimental
6.2.1 Materials
Dyneema Fraglight®, a needle punched nonwoven felt with an areal density of
190 - 220g/m2 , is made from Dyneema® fiber and designed for protection against
fragments of exploding bombs and artillery shells. Dyneema® fiber is an UHMWPE
fiber commercialized by DSM with similar properties to Spectra® fiber.
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Spectra Shield" Plus PCR is a non-woven thermoplastic composite consisting of
two plies of unidirectional Spectra® fiber tapes cross-plied at 0790° and impregnated in a
matrix. Spectra Shield® Plus PCR is made by Honeywell and is used in applications such
as rigid armor and breast plates, vehicle and architectural armor, blast containment and
shields. Its areal density is 95±15g/m2 and thickness is 0.13±0.05mm. The fiber weight
faction of Spectra Shield® Plus PCR is approximately 80%. The matrix is an undisclosed
proprietary material.
6.2.2 Material processing and property measurements
6.2.2.1 Processing procedure
A single layer of felt or prepreg was sandwiched within aluminum foils and
placed in between two steel plates. The hot press was preheated to a desired processing
temperature, the temperature was allowed to equilibrate, and the sandwiched felt or
prepreg was placed in the hot press. The upper and lower platens of the press were
closed onto the specimen and the pressure was raised to the desired processing pressure.
The pressure and temperature were held constant for a period of processing time to
execute the sintering process. The hot press and the specimen were quenched by running
tap water through the press platens while pressure was maintained. The sintered
specimen was removed from the press at ambient temperature and separated from the
aluminum foil; no mold release agent was used.
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6.2.2.2 Measurement of crystallinity changes by DSC
A TA Instrument DSC 2910 was used to observe the melting behavior of single
layers felt or prepreg consolidated under various processing conditions. -10 mg of the
samples in hermetically sealed pans were heated at 10°C/min from room temperature to
200°C under nitrogen (50 ml/min.).
6.2.2.3 Measurement of orientation changes by WAXD
Wide Angle X-ray Diffraction (WAXD) patterns were collected using pin hole
collimated, monochromatic Cu Ka radiation and a Bruker® "High Star" two dimensional
detector. The diffraction patterns of a series of single layer Spectra Shield® Plus PCR
sintered under different processing conditions were collected. The specimen was
oriented "flat-on" so that the incident X-ray beam was perpendicular to the prepreg. A
radiation time of 300 seconds was used and diffraction patterns were captured digitally.
The integration of the intensity was preformed using GADDS commercial software.
6.2.2.4 Measurement of impact properties by puncture test
Impact tests were performed using a dynatup* 8250 with the pneumatically
powered shooting dart mode of puncture test since the consolidated felt or prepreg are
rather strong. The dart weighs 2.38kg and is pneumatically assisted by house nitrogen.
The dart speed at penetration into the specimen was approximately 10 m/s. The
specimens were 100mm x 150mm consolidated single layer felt or prepreg sheets which
had experienced different processing conditions. Each specimen was secured on the
sample stage by pneumatic clamps, the dart was then fired perpendicular to the surface c
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the specimen, and the specimen was punctured. The instrument recorded the load
detected on the dart tip and the deflection of the specimen as soon as the shooting dart
touched the specimen until total penetration. The total energy of impact was calculated
from the integrated area under the load vs. deflection curve.
6.2.2.5 Measurement of interlayer adhesion by T-peel test
Thermally bonded bilayers were prepared from two layers of Dyneema® felt, two
layers of Spectra® prepreg, and one layer of Spectra80 cloth and one layer of Dyneema®
felt for T-peel tests. A series of bilayers were produced at different processing
temperatures under constant pressure and time (7.6MPa and 30 minutes) and the T-peel
tests were conducted on an Instron 5500R according to ASTM standard D1876 as
described previously, Section 4.2.3.
6.2.2.6 Measurement of flexural properties by three-point bend test
The flexural properties of multilayer consolidated Dyneema® felt and
consolidated Spectra® prepreg sintered under different processing conditions were
determined by three-point bend tests according to ASTM standard D790 with a support
span of 50mm and a crosshead speed of 1 .35mm/min, as described previously, Section
4.2.4. A testing limit of 5% strain was used to ensure the reliability of the data.
6.2.3 Thermoforming of Dyneema Fraglight and Spectra Shield "' Plus PCR
Thermoforming of Dyneema Fraglight® and Spectra Shield® Plus PCR to make
hemispherical domes was done by first making 250mm x 250mm multilayer flat panels at
150°C under 6.9MPa for 30 minutes. The resulting flat panels were cut into four 125mm
x 125mm squares, twelve holes were then drilled into the panels, and they were bolted
onto the hemispherical mold. The molding procedures and conditions were followed as
described previously. Section 5.2.4.
6.3 Results and Discussion
6.3.1 Dyneema Fraglight® nonwoven felt
Dyneema Fraglight® felt is made of continuous Dyneema® fiber which has
comparable mechanical properties to Spectra® fiber. Dyneema Fraglight® is a nonwoven
felt and the fibers are unoriented and randomly aligned. It is an in-plane isotropic
material and therefore it is expected that the consolidated structures of this material
would have a lower rigidity and stiffness than the more oriented consolidated Spectra®
cloth. The needle punching process, used to manufacture the felt, has introduced physical
entanglements of the fibers. Good impact resistance is expected for the consolidated
materials as these entanglements should make penetration difficult. Good interlayer
adhesion is anticipated since the entanglements would hinder the separation of bonded
layers. Studies on Dyneema Fraglight® felt were carried out by monitoring the
crystallinity change with processing, measuring the impact properties, interlayer adhesion
and flexural properties of the consolidated products and investigating the
thermoformability of the felt.
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6.3.1.1 Crystallinity change
A single layer of Dyneema® felt was consolidated at a processing temperature
ranging from 140°C to 1 56°C under a pressure of 7.6MPa for 30 minutes. DSC
thermographs for the as-received Dyneema® felt and the consolidated felts are overlaid in
Figure 6. 1
.
As-received Dyneema® felt shows a distinct melting peak at 1 50°C as does
Spectra cloth. With increasing processing temperature, a lower temperature shoulder on
the melting peak emerges and eventually evolves into a distinct peak at 135°C. The two
endotherms correspond to the melting of the original highly oriented crystals and the
newly formed crystals formed upon cooling, respectively. With increasing sintering
temperature, the higher temperature endotherm decreases and the lower temperature
endotherm increases, indicating the gradual loss of the original highly oriented crystals
accompanied by the gradual formation of unoriented crystals.
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Figure 6.1 DSC trace overlay for single layer as-received and consolidated Dyneema 1
felt sintered under 7.6MPa for 30 minutes at different processing temperatures
The degree of crystallinity was calculated by Equation 3.1 as described
previously, Section 3.3.1, and the overall crystallinity including contributions from the
original and the newly formed crystals was determined (Table 6.1). Consolidated
Dyneema® felt preserves its crystallinity up to 148°C and the degree of crystallinity
decreases as sintering temperatures are increased above 150°C. The degree of
crystallinity drops rapidly after the processing temperatures exceed the melting
temperature of Dyneema® felt.
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Table 6.1 Overall crystallinity of single layer as-received and consolidated Dyneema* felt
sintered under 7.6MPa for 30 minutes at different processing temperatures
CISpecimen as-
rec'd
140°C 145°C 148°C 150°C 152°C 154°C 156°C
Enthalpy (J/g) 271.2 273.8 275.0 270.9 266.0 240.9 220.4 131.5
Crystallinity 92.4% 93.3% 93.7% 92.3% 90.6% 82.1% 75.1% 44.8%
The melting enthalpy of the two types of crystals was calculated by deconvolving
the two overlapping melting endotherms and integrating the area under each curve; the
amount of retained original crystals was determined (Table 6.2). The quantity of original
crystals remains at approximately the same percentage as processing temperature is
increased to 150°C and then decreases quickly as the temperature is further increased
(Figure 6.2). High crystallinity needs to be preserved to assure the properties of the
consolidated Dyneema^ felt, so the suggested processing temperature should not exceed
150°C.
Table 6.2 Changes in crystallinity corresponding to the original crystals for single layer
consolidated Dyneema® felt sintered under 7.6MPa for 30 minutes at different processing
temperatures
Specimen 140°C 145°C 148°C 150°C 152°C 154°C 156°C
Retained
Melted
92.1%
7.9%
91.6%
8.4%
90.7%
9.3%
88.1%
1 1 .9%
68.7%
31.3%
57.2%
42.8%
5.4%
94.6%
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Figure 6.2 Changes in overall crystallinity and crystallinity from the original crystals for
single layer as-received and consolidated Dyneema® felt sintered under 7.6MPa for 30
minutes at different processing temperatures
6.3.1.2 Impact properties
The impact resistance of single layer of Dyneema® felt consolidated under
7.6MPa for 30 minutes at different temperatures was measured and compared to that of
the as-received felt; the NTT total impact energies are shown in Figure 6.3. As-received
felt has good impact resistance due to the physical entanglements of its fibers which
makes it difficult for the shooting dart to penetrate. Dyneema® felt consolidated at 148°C
exhibits the best impact properties with a nearly 30% increase over the original felt. At
sintering temperatures below 148°C, the impact resistance is hardly improved. At
sintering temperatures above 148°C, the impact properties decrease rapidly due to
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excessive melting. Up to 150°C the test specimens failed by pulling fibers out of the felt
without visible signs of fiber breakage and above 150°C the specimens fractured and the
fibers were broken. The best processing temperature to achieve the maximum impact
properties of the felt is approximately 148°C.
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Figure 6.3 NTT total impact energy (KJ/m) of the as-received Dyneema felt and single
layer consolidated Dyneema* felt sintered under 7.6MPa for 30 minutes at different
processing temperatures
6.3.1.3 Interlayer adhesion
Interlayer adhesion for Dyneema felt sintered at different temperatures was
determined by measuring the peeling load needed to separate bonded bilayers. T-peel
strengths for samples bonded at 148°C, 150°C, 152°C and 154°C are shown in Figure
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6.4. Dyneema® bilayers sintered at or above 156°C are completely fused and can not be
separated without breaking the specimens. Interlayer adhesion increases with increasing
sintering temperature, especially above 150°C, since more melting occurs at higher
temperatures and more recrystallized material acts as binder.
148C 150C 152C
Sintering Temperature (C)
154C
Figure 6.4 T-peel strength for Dyneema®-Dyneema* bilayers sintered under 7.6MPa for
30 minutes at different temperatures
6.3.1.4 Flexural properties
Flexural properties of Dyneema 1" felt consolidated in 14 layer panels at different
processing temperatures were measured by three-point bend tests (Figure 6.5).
Consolidated Dyneema® felt has relatively low flexural modulus due to random fiber
alignment. No specimens showed any failure or yield within the 5% strain limit set by
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ASTM standard. Panels sintered at 145°C have the highest rigidity. The lower
temperature sintered felts were not sufficiently consolidated and interlayer adhesion is
low. At higher sintering temperatures the felts melted excessively and fiber rigidity is
lost. The existence of the optimal sintering temperature regarding flexural properties
illustrates the importance of the balance between the lost longitudinal strength and the
gained lateral strength.
130C 140C 145C 148C
Sintering Temperature
150C
Figure 6.5 Flexural modulus of 14 layers Dyneema® felt panels consolidated under
17.2MPa for 30 minutes at different temperatures
6.3.1.5 Thermoformability
Multilayer Dyneema® felt can be molded to hemispherical domes using the same
procedure as described for Spectra® cloth. Due to its simplicity, the consolidated flat
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panel was prepared and then shaped, although other shaping schemes would also have
worked. Due to the thickness of the felt, 20 layers of Dyneema® felt were used to
produce a dome having dimensions similar to that of 25 layers of Spectra00 cloth. Domes
made from Dyneema® felt are strong and stiff. Looseness of the fibers in the felt resulted
in the straightening of the previously curled fibers rather than the actual stretching of the
fibers by the deformation of the felt in the mold. As a result, a relatively smaller force
was used for molding as compared to the Spectra® cloth. Dyneema® felt has good
thermoformability.
6.3.2 Spectra Shield® Plus PCR prepreg
Spectra Shield'" Plus PCR is a nonwoven prepreg which contains two chemically
different materials: Spectra
00
fiber and matrix. The matrix is used as a binding agent and
good interfiber and interlayer adhesion is expected. In each layer of prepreg, either in the
0° or 90° direction, the fibers are aligned relative to each other. The ordered fiber
alignment should be reflected in a high Hermans orientation function parameter. The
unidirectional fiber alignment can also contribute positively to the impact resistance and
flexural properties. However the soft matrix would contribute negatively to the impact
and flexural properties. The net outcomes are difficult to predict and have to be carefully
studied.
6.3.2.1 Crystallinity change
A single layer of Spectra Shield00 Plus PCR prepregs was consolidated under
7.6MPa for 30 minutes at various processing temperatures. The DSC thermographs are
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overlaid in Figure 6.6 along with that of the as-received prepreg. The matrix appears to
have no thermal transition within the range of testing temperatures. Prepregs sintered at
temperatures up to 150°C have a melting endotherm at approximately 150°C with a
shoulder at 135°C. Prepregs sintered above 150°C have two distinct melting endotherms
at 135°C and at 150°C. The peak at 150°C corresponds to melting of the original
oriented crystals and the peak at 135°C corresponds to the melting of recrystallized less
oriented crystal phase. The trace for the as-received prepreg contains a shoulder on the
melting peak, suggesting that the original material might have experienced a high
temperature treatment previously in the manufacturing process.
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Figure 6.6 DSC trace overlay of the as-received Spectra Shield® Plus PCR and single
layer Spectra Shield® Plus PCR consolidated under 7.6MPa for 30 minutes at different
processing temperatures
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The overall crystallinity and the retained original crystallinity were calculated as a
function of processing temperature (Table 6.3 and Figure 6.7) and normalized with
respect to the fiber weight fraction (80%). The starting material has a lower overall
crystallinity than the Spectra® cloth due to manufacturing. The consolidated sheets
maintain relatively constant crystallinity up to 148°C. Overall crystallinity decreases
with increasing temperature above 148°C. Some of the consolidated prepregs have
higher crystallinity than the as-received material due to the effect of pressure induced
crystallization. The retained original crystallinity decreases with increasing processing
temperature after 148°C. Above 150°C, the difference between the overall crystallinity
and the original crystallinity becomes significant, indicating that a large amount of the
original crystals were melted and the calculated overall crystallinity contains a great deal
of newly formed crystals which are unoriented and imply lower properties for the
materials sintered at these temperatures. At the same sintering temperature, consolidated
Spectra® cloth has higher crystallinity than consolidated Spectra Shield*' Plus PCR and
better properties. Spectra Shield "" Plus PCR has a much broader processing temperature
window than Spectra*' cloth within which the original crystallinity level is preserved,
which could be a processing advantage.
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Table 6.3 Overall crystallinity and retained original crystallinity for the as-received
Spectra Shield® Plus PCR and single layer Spectra Shield® Plus PCR consolidated under
7.6MPa for 30 minutes at different temperatures
Specimen
as-
received
130°C 140°C 145°C 148°C 150°C 152°C 154°C
Overall
crystallinity
90.3% 93.9% 92.8% 92.0% 90.7% 85.9% 80.8% 70.0%
Original
crystallinity
89.6% 90.9% 90.5% 88.1% 87.9% 83.5% 49.2% 27.9%
100%
80%
60%
5
O 40%
20%
0%
Overall crystallinity
Original crystallinity
Sintering temperature
as- 130C 140C 145C 148C 150C 152C 154C
received
Figure 6.7 Overall and original crystallinity of the as-received Spectra Shield® Plus PCR
and single layer Spectra Shield® Plus PCR consolidated under 7.6MPa for 30 minutes at
different processing temperatures
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6.3.2.2 Orientation change
The molecular orientation of the original and consolidated single layer Spectra
Shield® Plus PCR was examined using WAXD. The calculated Hermans orientation
function is shown in Figure 6.8 as a function of processing temperature. As fibers in the
prepreg are unidirectionally aligned, one would imagine that Spectra Shield® Plus PCR
would have had higher Hermans orientation function than that of Spectra® woven cloth
due to the lack of fiber waviness in Spectra Shield® Plus PCR. The results are
contradictory; the Hermans orientation function of the as-received Spectra Shield® Plus
PCR is only 81% of that for the as-received Spectra® cloth 903. All consolidated Spectra
Shield® Plus PCR have lower molecular orientation than consolidated Spectra® cloth
under the same processing conditions. This may be due to the thermal history
experienced by the fibers during the manufacturing of Spectra Shield® Plus PCR.
Consolidated Spectra Shield "' Plus PCR maintains a constant level of molecular
orientation up to 150°C. Hermans orientation function decreases with increasing
temperature at sintering temperature above 150°C. Since high molecular orientation
translates to good mechanical properties, the apparent existence of a plateau in
orientation provides for a broad processing temperature window.
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Figure 6.8 Hermans orientation function of the as-received Spectra Shield® Plus PCR and
single layer Spectra Shield® Plus PCR consolidated under 7.6MPa for 30 minutes at
different processing temperatures
6.3.2.2 Impact properties
The impact resistance of consolidated single layer of Spectra Shield® Plus PCR
prepregs was measured, normalized, and the NTT total energy of impact is compared to
that of the as-received prepreg (Figure 6.9). Spectra Shield® Plus PCR consolidated at
140°C exhibits maximum impact energy, nearly four-fold increase over the original
material due to the partial melting of the fiber surface allowing the polymer chains to
penetrate into the surrounding polymeric matrix and form interlocking network with the
matrix on recrystallization. The enhanced interphase adhesion is responsible for the
better impact properties. At sintering temperatures below 140°C, impact resistance is
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gradually improved. At sintering temperatures above 140°C, impact properties decreases
gradually due to increased fiber melting. If the sintering temperature is lower than
1 50°C, the test specimen failed as fibers were pulled out of the prepreg without visible
fiber breakage. If the sintering temperature is greater than 150°C, the specimen fractured
and the fibers were broken. At 1 54°C the sintering process destroyed the fiber content
and the specimen has no impact resistance.
100
as-
received
130C 140C 145C 148C 150C 152C 154C
Sintering temperature
Figure 6.9 NTT total impact energy (KJ/m) of the as-received Spectra Shield® Plus PCR
and single layer Spectra Shield® Plus PCR consolidated under 7.6MPa for 30 minutes at
different processing temperatures
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6.3.2.3 Interlayer adhesion
Interlayer adhesion for Spectra Shield® Plus PCR was measured as the peel load
needed to separate the bonded bilayers (Figure 6.10). Interlayer adhesion increases
steadily with increasing sintering temperature. At sintering temperatures between 130°C
and 140°C, the interlayer adhesion does not improve significantly. Above 140°C, the
interlayer adhesion increases at a faster rate due to partial melting and recrystallization of
the Spectra® fibers, which adds to the adhesive strength in addition to that generated by
the matrix.
130C 140C 145C
Sintering Temperature (C)
148C
Figure 6.10 T-peel strength for Spectra Shield® Plus PCR bilayers sintered under 7.6MPa
for 30 minutes at different processing temperatures
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6.3.2.4 Flexural properties
The flexural modulus and strength of 32 layer Spectra Shield® Plus PCR flat
panels sintered at different processing temperatures for 30 minutes under a pressure of
17.2MPa were determined (Figure 6.1 1). The Spectra Shield® Plus PCR panels are more
flexible than those made from Spectra® cloth 903 or Dyneema® felt. Low determined
flexural modulus results from the use of a soft matrix and lower modulus fibers.
Although the prepreg possesses straight and unidirectional fibers, the flexural properties
of the consolidated panels are offset by the use of a soft matrix. All test specimens
exhibited a yielding point within the 5% strain and flexural strength is reported. At
higher strains all test specimens developed delamination between the layers, indicating
relatively low interlayer adhesion. The flexural modulus reaches a maximum value at a
sintering temperature of 140°C and flexural strength remains predominantly constant
over the entire processing temperature range.
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Figure 6.1 1 Flexural properties of 32 layers Spectra Shield® Plus PCR panels
consolidated under 17.2MPa for 30 minutes at different processing temperatures
6.3.2.5 Thermoformability
Multilayer Spectra Shield® Plus PCR was molded into a hemispherical dome
using 50 layers of prepreg to produce a dome with similar dimensions to that of the 25
layer Spectra® cloth dome. Since adhesion between the Spectra® fibers and the matrix is
low, the fibers easily slipped from the surrounding matrix when the load was applied to
form the shape. At high molding temperatures the viscosity of the matrix lowers and the
matrix tended to squeeze out as a result of pressure; the constraint exerted by the blank
holder was questionable. The fibers were inclined to slip inside the prepreg when
molding pressure was applied and fiber stretching was not as prominent as with Spectra
127
cloth. Spectra Shield Plus PCR is not a good material for direct shaping and would be
better processed using the conventional method of cutting patterns and laying-up.
6.3.3 Comparison of consolidated Spectra® cloth, Dyneema Fraglight® and Spectra
Shield® Plus PCR
Spectra® cloth, Dyneema Fraglight® and Spectra Shield® Plus PCR are all
extended chain UHMWPE fiber products of different forms: woven fabric, nonwoven
felt, and nonwoven prepreg, respectively. Spectra® cloth and Dyneema Fraglight® are
single component materials containing only fibers and Spectra Shield® Plus PCR is a two
component material containing fibers and matrix. Studies of high-temperature high-
pressure sintering on each material and their physical, thermo-mechanical, structural
properties of the resulting products have been discussed. The load bearing component in
all three materials is highly oriented UMMWPE fibers. Spectra® fiber and Dyneema®
fiber have similar properties. The properties of the consolidated structures are dependent
on the structural and morphological properties of the load bearing fibers, although fiber
alignment and the introduction of the matrix influence the final properties of the
composite.
6.3.3.1 Crystallinity
Extended chain UHMWPE fibers have high crystallinity, which is essential to
obtain their outstanding properties. High-temperature high-pressure sintering process
involves a series of structural changes including: partial melting of the fibers, molecular
reorientation due to increasing molecular relaxation at high temperatures, orthorhombic
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to hexagonal crystalline transformation, and pressure induced crystallization. The
consolidated structures change crystallinity depending on the different processing
conditions (Table 6.4 and Figure 6.12). For the as-received materials, Spectra® cloth 903
has the highest crystallinity since Spectra® fiber has an inherently higher crystallinity
than Dyneema® fiber and the crystallinity of Spectra Shield® Plus PCR was partially
destroyed during manufacturing. For the consolidated materials, Spectra® cloth 903
maintains the highest crystallinity over the processing temperature range due
predominantly to the fact that it has the highest initial crystallinity, in addition to pressure
induced crystallization. The crystallinity of consolidated Spectra® cloth is extremely
sensitive to the processing temperature; a two degree change in temperature results in a
great difference in crystallinity. Dyneema Fraglight® and Spectra Shield® Plus PCR
exhibit a plateau in crystallinity over a large processing temperature range, implying a
broader processing temperature window for these two materials.
Table 6.4 Overall crystallinity of the as-received and consolidated single layer Spectra®
cloth, Dyneema Fraglight®, and Spectra Shield® Plus PCR sintered under 7.6MPa for 30
minutes at different processing temperatures
Specimen
as-
received
130°C 140°C 145°C 148°C 150°C 152°C 154°C
Spectra®
cloth
95.2% 97.5% 94.8% 90.6% 84.1%
Dyneema
Fraglight®
92.4% 93.3% 93.7% 92.7% 90.6% 82.1% 75.1%
Spectra
Shield®
90.3% 93.9% 92.8% 92.0% 90.7% 85.9% 80.8% 70.0%
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Figure 6.12 Overall crystallinity of the as-received and consolidated single layer Spectra'
1
cloth, Dyneema Fraglight®, and Spectra Shield® Plus PCR sintered under 7.6MPa for 30
minutes at different processing temperatures
6.3.3.2 Molecular orientation
Extended chain UHMWPE fibers have high molecular orientation due to the ultra
drawing process experienced during manufacturing, high orientation is a crucial factor to
their outstanding properties. During high-temperature high-pressure sintering process,
the melted phase recrystallizes upon cooling to form a less oriented phase. Increasing
molecular mobility at high temperatures resulting in the rearrangement of the molecules
and pressure induced crystallization forcing the molecules to adopt more ordered
conformations plays a role in determining final orientation. Macroscopic alignment of
the fibers within each material also influences Hermans orientation function as measured
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by WAXD. Lateral movement of the fibers during sintering results in the misalignment
of fibers and affects the measured orientation. In Dyneema® felt the fibers are randomly
distributed and the material is inplane isotropic. The molecular orientation changes of
Spectra® cloth and Spectra Shield® Plus PCR after processing are measurable by WAXD
(Table 6.5 and Figure 6.13). Both Spectra® cloth and Spectra Shield® Plus PCR preserve
relatively high orientation up to the processing temperature range of 150°C - 152°C
range, followed by a rapid decrease in orientation due to the excessive melting of the
fibers at higher temperatures. Consolidated Spectra® cloth shows a higher orientation
than the original cloth at 148°C due to pressure induced crystallization. Consolidated
Spectra Shield® Plus PCR does not show this behavior, but rather a plateau that covers
nearly 20 degrees in processing temperature range at which Hermans orientation function
remains unchanged, indicating a broader processing temperature window.
Table 6.5 Hermans orientation function of the as-received and consolidated single layer
Spectra
5
cloth and Spectra Shield* Plus PCR sintered under 7.6MPa for 30 minutes at
different processing temperatures
Specimen
,
130°C 140°C 145°C 148°C 150°C 152°C 154°C 156°C
received
Spectra®
0.887 - - - 0.911 0.873 0.857 0.760 0.651
cloth
Spectra
0.720 0.694 0.706 0.710 0.706 0.704 0.646 0.610 0.587
Shield®
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Figure 6.13 Hermans orientation function of the as-received and consolidated single layer
Spectra® cloth and Spectra Shield® Plus PCR sintered under 7.6MPa for 30 minutes at
different processing temperatures
6.3.3.3 Impact properties
NTT total impact energies are compared for the as-received and consolidated
single layer Spectra® cloth, Dyneema Fraglight®, and Spectra Shield® Plus PCR sintered
at various processing temperatures (Table 6.6 and Figure 6.14). For the as-received
materials, Dyneema® felt has the best impact resistance due to the fiber entanglements.
Consolidated Spectra® cloth 903 has a peak NTT impact energy of 92.0KJ/m if processed
at 150°C and Dyneema® felt at 76.2KJ/m if processed at 148°C due to the random
alignment of Dyneema® fibers which can not be constrained as effectively as the aligned
fibers in Spectra® cloth. Dyneema® fibers begin to melt earlier than Spectra® fibers,
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therefore, their maximum impact properties occur at a lower temperature. For Spectra
Shield® Plus PCR, the optimal processing temperature, in terms of the highest attained
impact resistance 77.5KJ/m, is 140°C which is considerably lower than the other two
materials. The matrix of Spectra Shield® Plus PCR has a relatively low viscosity at high
temperatures and when under a large pressure tends to flow; so the pressure can not to be
effectively exerted onto the fibers. The fibers in Spectra Shield® Plus PCR are not as
sufficiently constrained as those in Spectra® cloth and Dyneema® felt and consequently
lose crystallinity and orientation during sintering, resulting in lower impact properties.
Consolidated Spectra® cloth has the best maximum impact resistance among the three
materials and proves to be the best candidate for making high strength, high impact
resistant composites. The impact properties of Dyneema® felt and Spectra Shield® Plus
PCR sintered at a temperature slightly below or above their respective optimal
temperatures do not drop greatly when compared to Spectra® cloth and these materials
have somewhat broader processing temperature window.
Table 6.6 NTT total impact energy (KJ/m) of the as-received and consolidated single
layer Spectra* cloth, Dyneema Fraglight®, and Spectra Shield® Plus PCR sintered under
7.6MPa for 30 minutes at different processing temperatures
Specimen
as-
received
140°C 145°C 148°C 1 50°C 152°C 154°C 156°C
Spectra®
cloth
16.6 78.1 92.0 13.7 3.2 2.3
Dyneema
Fraglight®
64.5 65.8 66.7 76.2 63.0 20.0 1.8 0.5
Spectra
Shield®
20.0 77.5 69.6 66.4 61.1 19.8 0.6
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Figure 6. 14 NTT total impact energy (KJ/m) of the as-received and consolidated single
layer Spectra
00
cloth, Dyneema Fraglight°°,and Spectra Shield 10 Plus PCR sintered under
7.6MPa for 30 minutes at different processing temperatures
6.3.2.3 Interlayer adhesion
Interlayer adhesion for bilayers of Spectra
00
cloth 903, Dyneema Fraglight and
Spectra Shield
10
Plus PCR bonded at various temperatures are shown in Table 6.7 and
Figure 6.15. The T-peel strength for each material increases monotonically with
increasing bonding temperature due to increased melting and recrystallization. Interlayer
adhesion is developed at the expense of longitudinal strength. Ata given bonding
temperature, Spectra Shield'"
1
Plus PCR has the greatest interlayer adhesion of all the
materials due to its adhesive matrix. Dyneema
00
felt has better adhesion than Spectra'
1
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cloth due to its flat surface which enables better contact. Also, physical entanglements of
the fibers in Dyneema*' fell hinder the separation of the bonded layers.
Fable 6.7 T-peel strength (N/cm) of bilayer Spectra00 cloth, Dyneema Fraglight* 1
, and
Spectra Shield* Plus PGR bonded under 7.6MPa for 30 minutes at different tempera!
Specimen 140°C 145°C 148°C 150°C 152°C 154°C 156°C
Spectra* cloth 1.7 2.0 3.5 11.4 13.3
Dyneema* Fraglight" 2.3 3.4 17.3 38.0
Spectra Shield
00
3.2 4.5 6.0 — _
40
140C 145C 148C 150C 152C 154C 156C
Sintering Temperature (C)
Figure 6. 15 T-peel strength of bilayer Spectra® cloth, Dyneema Fraglight
0
", and Spectra
Shield" Plus PCR bonded under 7.6MPa for 30 minutes at different temperatures
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If Spectra® cloth is bonded with Dyneema* felt, it is anticipated that the interlayer
adhesion would fall between the values of the Spectra" bilayers and the Dyneema®
bilayers as found in Table 6.8 and Figure 6.16. By sintering alternating layers of
Spectra® cloth and Dyneema® felt an excellent method to prepare a composite with a
balanced interlayer adhesion and longitudinal strength is offered which utilizes the
different advantages of two materials.
Table 6.8 T-peel strength (N/cm) of Spectra® cloth bilayer, Dyneema Fraglight®, bilayer
and Spectra cloth- Dyneema Fraglight"<, bilayer bonded under 7.6MPa for 30 minutes at
different temperatures
Specimen 148°C 150°C 152°C 154°C 156°C
Spectra®/Spectra® 1.7 2.0 3.5 11.4 13.3
Spectra "/Dyneema® 2.2 3.8 5.5 23.5 47.7
Dyneema (K)/Dyneema® 2.3 3.4 17.3 38.0
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Figure 6.16 T-peei strength of Spectra
0
" cloth bilayer, Dyneema Fraglight® bilayer, and
Spectra® cloth- Dyneema Fraglight0" bilayer bonded under 7.6MPa for 30 minutes at
different temperatures
6.3.2.4 Flexural properties
Flexural modulus for multilayer consolidated Spectra00 cloth 903, Dyneema
(Hi
Fraglight
w
,
Spectra Shield'" Plus PGR, and unoriented UHMWPE sintered at various
temperatures is shown in Figure 6. 1 7. Consolidated Spectra'" cloth panels have much
higher flexural moduli than the other two UHMWPE fiber materials. Consolidated
Dyneema00 felt has about half the rigidity of Spectra
'0
cloth 903, if their achieved maxima
are compared. Consolidated Spectra Shield '" Plus PCR has rigidity comparable to
unoriented UHMWPE panel due to its soft matrix, despite its better fiber alignment
which illustrates one of the advantages of eliminating the use of matrix by making matrix
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free Spectra® fiber reinforced composite from plain woven Spectra® cloth. Matrix free
Spectra® composite has higher fiber volume fraction which translates to better properties,
therefore, is the best candidate among three materials to make rigid hard armor such as
helmets and breast plates.
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Figure 6.17 Flexural modulus of multilayer consolidated Spectra® cloth, Dyneema
Fraglight®, Spectra Shield® Plus PCR, and UHMWPE panels sintered under 17.2MPa for
30 minutes at different processing temperatures
6.4 Conclusion
Two other materials Dyneema Fraglight
00
, a nonwoven felt, and Spectra Shield
"
Plus PCR, a prepreg, containing the extended chain UHMWPE fibers were subject to the
similar high-temperature high-pressure sintering process used on Spectra® cloth. The
physical, thermo-mechanical, microstructural and morphological properties of the
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ra"
consolidated products were comprehensively investigated and compared to Specti
cloth. Differences in the materials and their structures are reflected in the properties of
the final products. Also, the influence of processing conditions on the properties of the
consolidated products is different.
Consolidated Spectra
10
cloth 903 achieves the highest crystallinity and better
molecular orientation than consolidated Spectra Shield® Plus PCR. Consolidated
Spectra® cloth 903 also shows the best impact resistance and the highest flexural modulus
since fibers were effectively constrained during sintering and the possibility of excessive
fiber melting and orientation loss was reduced. Consolidated Dyneema Fraglight® is not
as rigid as consolidated Spectra® cloth and consolidated Spectra Shield® Plus PCR
suffers the lowest stiffness. In terms of interlayer adhesion, Dyneema Fraglight90 has an
advantage which prompts the use of alternative layers of Spectra00 cloth and Dyneema®
felt to make composites having both high longitudinal and lateral strengths. The
properties of consolidated Spectra® cloth are very sensitive to the processing temperature
which is not the case for Dyneema Fraglight® and Spectra Shield® Plus PCR. All the
studied materials are thermoformable; Dyneema Fraglight
'0
is the easiest to shape while
Spectra Shield® Plus PCR has difficulty in molding because the flow of the matrix at high
temperatures.
Matrix free Spectra
00
fiber reinforced composite made of Spectra'0 cloth is proven
to be the best material to make body armor and helmets. It has the lowest density and
extraordinary impact resistance and ballistic performance, and the simplest
manufacturing processing by eliminating the need to cut patterns and add matrix.
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CHAPTER 7
CONCLUSIONS AND FUTURE WORK
7.1 Matrix free Spectra® fiber reinforced composites
Spectra® cloth 903 can be consolidated using high-temperature high-pressure
sintering and resulting in a one-polymer composite. The partially melted fibers
recrystallize on cooling and form the matrix phase. Since no additional matrix is used in
the process, the product is dubbed as a "matrix free" composite. Three important
processing parameters are temperature, time, and pressure. Too low a sintering
temperature does not induce sufficient surface melting to provide adhesion to consolidate
the cloth. Too high a temperature results in excessive melting that leads to a decrease in
crystallinity and orientation. Time is critical to heat transfer to allow fiber lateral
deformation and achieve adequate adhesion between the layers and fibers with minimum
loss of the original fiber strength. High pressure is required to constrain the fibers from
shrinking, losing orientation, and to consolidate the material. Among these three
parameters, temperature and time are the most important to determine the properties of
the final structures because they influence the degree of crystallinity and orientation of
the consolidated material. Higher temperature and shorter time may achieve the same
effect on the consolidated material as a lower temperature and longer time, which may be
considered as a time-temperature superposition. The properties of the sintered structure
are very sensitive to the processing conditions; two degree difference in sintering
temperature results in a large difference in material properties. Process-structure-
property relationship was carefully studied using various analysis and characterization
methods including: thermal analysis, microscopic investigation and mechanical testing.
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The optimal processing window was determined to maximize impact resistance and
balance other properties of the consolidated structure.
Spectra® fiber has a high degree of crystallinity and consolidation at high
temperatures destroys the crystals to some extent even with constraint, although pressure
induced crystallization makes up for some loss in crystallinity. High crystallinity can be
preserved if Spectra® cloth is sintered in the optimal processing window.
Spectra® fiber has very high crystalline orientation and molecular orientation. At
high processing temperatures, polymer chains tend to recoil as driven by an entropy gain
and orientation loss is inevitable. High orientation can be preserved if Spectra® cloth is
sintered in the optimal processing window. Pressure induced crystallization manifests
itself again in the unusual increase of orientation for some sintered cloths by forcing the
molecules to reorient and participate in forming ordered crystalline lattices. The highest
crystallinity and orientation are obtained for the cloth consolidated at 148°C. In fact
there is a linear relationship between the crystallinity and orientation for cloths sintered at
different temperatures.
The ability to maintain high crystallinity and orientation of the cloth after
processing enables the composites to have outstanding mechanical properties. Sintered
Spectra® cloth has exceptional impact resistance. The processing temperature at which
the best impact property is obtained is just two degrees higher than the temperature at
which the highest crystallinity and orientation are obtained, indicating that the
preservation of the longitudinal strength and development of the lateral adhesion are the
reasons behind their high impact resistance. Multilayer consolidated Spectra® cloth is
very rigid and the flat panels have a high flexural modulus. High modulus and low
141
density of the cloth are beneficial for fast strain wave propagation and impact energy
transportation67
,
especially for the anisotropic composite in which the in-plane modulus is
an order of magnitude larger than the modulus through the thickness. Superior impact
and flexural properties make Spectra® cloth a very promising candidate for light weight
high performance ballistic shields.
Interlayer adhesion between sintered Spectra® cloth is sufficient but not high.
Inferior adhesion is actually good for ballistic performance by offering an energy
dissipation mechanism through delamination. Interlayer adhesion is developed at the cost
of fiber melting, and the loss of longitudinal properties. If interlayer adhesion is desired
in applications other than ballistic shields, consolidating alternative layers of Spectra®
cloth and Dyneema® felt would be a good approach. Surface treatment of Spectra® fiber,
such as by chemical etching or plasma treatment, used together with an adhesive matrix
is another way to promote interlayer adhesion.
The evaluation of ballistic performance of matrix free Spectra® fiber composites
was conducted and the V50 results show that multilayer sintered Spectra® cloth has
superb ballistic resistance. Matrix free Spectra® fiber composites perform better than
Spectra® fiber containing a matrix and Kevlar® composites at the same areal density
level. Also, matrix free Spectra® fiber composites are lighter and easier to manufacture.
Spectra® cloth can be thermoformed into complex shaped objects with double curvatures
providing that a proper mold and appropriate molding sequences are used. There is no
need to cut complex patterns and the cloth can sustain large deformation to conform to
the shape. Different shaping schemes were used to make hemispherical domes, analog to
actual helmets and manufacturing versatility was demonstrated. It is clear that matrix
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free Spectra® fiber reinforced composites produced by high-temperature high-pressure
sintering has high potential in ballistic application.
Microscopic examination of the multilayer sintered Spectra® cloth shows that
consolidation was excellent. During the sintering process, the fibers deform laterally and
fill the void space. Selectively melted fiber surface recrystallizes upon cooling and welds
the fibers together; there is molecular continuity through the fibers and the recrystallized
phase. It is also expected, based on other researchers 1 work, that transcrystallinity28-29 75
developing in the region near the fiber surface would promote interfiber and intcrlayer
adhesion. The adhesive strength is good for polyethylene which is notoriously self-
lubricating. Spectra® fibers are not circular but rather polygonal, the structure is not
uniform across the fiber diameter, and there are density deficient regions which grow and
eventually populate the entire volume if the fibers are treated at high temperatures.
The surface and center layers of the consolidated multilayer Spectra® cloth have
essentially the same crystallinity and orientation when sintered under optimal processing
conditions, suggesting homogenous consolidation and uniform properties throughout the
entire structure.
Dyneema Fraglight '" and Spectra Shield '" Plus PCR can also be consolidated by
high-temperature high-pressure sintering. Intcrlayer adhesion between sintered
Dyneema® felt is great. Impact resistance of consolidated felt and prepreg is not as good
as consolidated Spectra® cloth, mainly due to their lower degree of crystallinity and
molecular orientation. Flat panels made by multilayer felts or prepregs show lower
flexural properties than that of Spectra® cloth, which is due to the random fiber
orientation in Dyneema® felt and the incorporation of a soft matrix in Spectra Shield
"
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Plus PCR. Dyneema Fraglight® and Spectra Shield® Plus PCR are not as good
candidates as Spectra® cloth to make high strength and high impact resistance
composites, although they exhibit a broader processing window to obtain relatively
constant properties.
7.2 Potential Applications
Besides the potential for ballistic protective shields, there are many other
prospective applications for matrix free Spectra® fiber reinforced composites such as:
orthopedic implants such as artificial joints, pressure vessels, high strength tubes,
automobile parts, sporting goods such as kayaks, tennis racquets, tear and cut resistant
protective coatings similar to Tyvek®, sailcloth, and radomes.
Orthopedic implants are used to replace fractured bones as well as to reconstruct
various degenerated joints in the human body. The most commonly used implant today
is the artificial hip joint. Fiber reinforced polymer composites have already demonstrated
great advantages over traditional metal implants since they are chemically and
biologically more compatible to bones than metals. There is less of a possibility of
developing hypersensitivity and allergic reactions to polymeric composites and in
addition polymeric composites distribute the load and stress more evenly than metals.
Currently, people are using powder sintering ofUHMWPE to make joints and there are
problems associated with wear, fatigue and creep, etc. Using carefully designed molds
and processing techniques, it should be possible to make better bone replacement by
consolidating Spectra® cloth.
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Radomes safeguard the inside equipment against environmental concern, such as
wind, blowing sand, snow, ice, rain, ultra violet sun light, temperature, fungus and
corrosion. Matrix free Spectra® fiber composite is an excellent candidate for the
construction of radomes due to its high impact resistance, high abrasion tolerance, low
dielectric constant, radar transparency, good UV resistance, low moisture absorption, and
hydrophobicity. Light weight is another attribute superior to the currently used glass
fiber or aramid fiber composites. The manufacturing of consolidated Spectra® cloth is
simpler compared to the wet/dry lay-up or prepreg routes and the product is ballistic
resistant. To make small radomes, direct molding can be used to manufacture them to
precise specifications. For large radomes, individual panels can be molded to doubly
curved shapes and then welded together by thermal or laser welding to yield a faceted
geodesic or spherical smooth appearance.
In conclusion, matrix free Spectra® fiber reinforced composites made by high-
temperature high-pressure sintering process offer a novel and promising approach to
make products with light weight and extraordinary performance.
7.3 Processable Polymers
Apart from Spectra® fibers and Dyneema® fibers, other materials may be also
consolidated by this high-temperature high-pressure sintering technique such as: PET
fibers, PP fibers, Vectran® LCP fibers, Nomex® papers, Lycra® fibers, Nylon fibers and
fabrics, etc. Theoretically, any thermoplastic fibrous material should work, especially
high molecular weight materials. Mixed compatible materials can also be sintered to
prepare products with combined properties and multiple functions.
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